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ARTICLE INFO ABSTRACT

Keywords: We report new insights into the electronic, structural, and transport (heat and charge) properties of the
Phase-change memory device phase-change memory material amorphous Ge,Sb,Tes. Using realistic structural models of Konstantinou et al.,
GST

Electron and thermal transport
Electron-phonon coupling
Density functional theory

(2019), we analyze the topology, electronic states, and lattice dynamics with density functional methods,
including hybrid-functional calculations and machine-learned interatomic potentials. The Kohn-Sham orbitals
near the Fermi level display a strong electron-phonon coupling, and exhibit large energy fluctuations at room
temperature. The conduction tail states exhibit larger phonon-induced fluctuations than the valence tail states.

To resolve transport at the atomic scale, we employ space-projected electronic conductivity and site-projected
thermal conductivity methods. Local analysis of heat transport highlights the role of filamentary networks
dominated by Te, with Sb and Ge making progressively smaller contributions.

1. Introduction

Germanium antimony telluride (Ge,Sb,Tes), henceforth referred to
as aGST, is fascinating and vastly studied for the science of its rapid
transformation between amorphous and crystalline states and associ-
ated electrical conductivity contrast between the two states, which
enables its application for practical computer memory devices.

Pioneering computer simulations of Hegedus and Elliott [1] re-
vealed that it is possible to study the nature of the phase change quite
directly from accurate molecular dynamics (MD) simulations. A vast
amount of insight has accrued from this beginning [2-9].

In this paper, we utilize realistic computer models of amorphous
aGST (henceforth referred to as aGST) due to Konstantinou, Mocanu,
Lee, and Elliott (KMLE) [7] to explore electronic structure and dynam-
ics using a hybrid functional, and we compute quantities of techno-
logical interest, including spatially local estimates of charge and heat
transport in the materials. We include three Appendices which offer
a short, self-contained description of the transport methods. Details on
the transport calculations may be found in the original papers [10-13].

The principal conclusions of this work are that (i) there are large
thermally induced fluctuations of Kohn-Sham states near the Fermi
level, highlighting the importance of electron—phonon coupling in

electronic conductivity, (ii) electronic conductivity is spatially het-
erogeneous and often involves Sb-vacancy environments, and (iii)
site-projected thermal conductivity analysis shows that Te- and Sb-
rich regions preferentially contribute to heat transport. Together, these
findings establish that electronic and thermal transport in aGST are
spatially inhomogeneous, significantly influenced by phonons, defect-
sensitive, and governed by a small subset of structurally distinct motifs
- insights that may provide information for tailoring phase-change
memory materials at the atomic scale.

The remainder of the paper is organized as follows. Section 2 de-
scribes the computational methodology, including model construction
(relaxation), electronic-structure calculations, and vibrational analysis.
We compute estimates of spatially resolved transport: Space-projected
conductivity (SPC) and site-projected thermal conductivity (SPTC). We
provide concise descriptions of these methods in Appendices A.1 and
A.3, respectively. Section 3 presents the structural changes of the KMLE
models under HSE06 relaxation, associated electronic structure, and
defects. We investigate thermally driven electronic fluctuations near
the Fermi level, and report spatially resolved electronic and thermal
transport. Section 4 summarizes our findings and discusses broader
implications for phase-change memory design. In the representation of
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atoms in the figures in this work, Ge, Sb, and Te are colored teal, purple,
and brown, respectively.

2. Methodology
2.1. aGST structural models

Computations described in this paper used the ab initio plane wave
code Vienna Ab initio Simulation Package (VASP) [14]. Twelve cubic
supercells of aGST containing 315 atoms with chemical composition
germanium (Ge), antimony (Sb), and tellurium (Te) in a 2:2:5 ratio
due to KMLE [7] were considered in this work. We also used a 900-
atom aGST model as well. These models are referred to as M1, M2, ...,
and M12 for the rest of the paper. These aGST models were initially
generated through classical molecular dynamics simulations, imple-
mented in LAMMPS (Large-scale Atomic/Molecular Massively Parallel
Simulator) [15] employing a machine-learned Gaussian approximation
potential (GAP) developed by Mocanu et al. [16].

2.2. Topological and electronic structure

To accurately compute the electronic structure and gap states near
the Fermi level (e 1), we carried out relaxations and electronic structure
calculations using the hybrid functional of Heyd, Scuseria, and Ernzer-
hof (HSE06) [17]. The thermal MD performed in this work also used
HSEO06. Periodic boundary conditions were used in all calculations.
A plane-wave basis set with a kinetic energy cut-off of 240 eV for
geometrical relaxation was used. A kinetic energy cut-off of 520 eV was
implemented for electronic structure calculation. The Brillouin zone of
the supercell models was sampled at the I' point.

2.2.1. Spatially local estimates of transport

Electronic and thermal transport are determined by the network
topology, chemical order, electronic, and vibrational properties of ma-
terials. For a disordered system, no two sites are identical, and it is
unknown how much variation exists from site to site. For purposes of
engineering materials with preferred transport properties, atomic-level
insights may be helpful.

For both the thermal and electronic case we have made two assump-
tions: (1) the validity of a Kubo formula (either the Kubo-Greenwood
Formula (KGF) or the Green-Kubo Formula (GKF) [18,19]), and as-
sumptions implicit to these (thermal equilibrium, linear response, and
an expression for the heat or electron current) and (2) a spatial de-
composition of the Kubo formula to provide local information about
either form of transport. Our innovation here has involved only the
second point and the formulation and interpretation of the electronic
and thermal conductivity are discussed in Appendices A.1 and A.3,
respectively.

2.3. Vibrational properties

The vibrational signatures of the aGST models were examined by
computing the vibrational density of states (VDOS) and vibrational
inverse participation ratio (VIPR) within the harmonic approximation
(HO). The dynamic matrix (DM) was constructed from finite differences

from the usual definition:
2
af - 1 0°E (1)

ij
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Here, uf is the small displacement of ith atom along cartesian (a)
direction, m; is the mass of the ith atom, and E is the potential energy.
The eigenvalue problem for the classical normal modes at the center (k
= 0) of the phonon Brillouin zone is [12]:

wfn e?’m = Z D?jﬂef’m 2
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where, o,, and ef are the vibrational frequency of the mode m and sets
of displacement directions for each atom in the mode m at atom i along
the a direction. The Vibrational Inverse Participation Ratio (VIPR) (g)
corresponding to the vibrational modes m are:

Tia I
2

(i ™)
VIPR is a measure of localization, and varies between 1/N (extended vi-
brational mode) and 1 (ideally localized vibrational mode). To compute
the DM, defined in Eq. (1), each atom in aGST was displaced 0.05 A
in x-, y-, and z-directions, from its energy-minimized configuration.

The resulting modes were also employed to calculate the thermal
conductivity and site-projected thermal conductivity.

g(m) = 3

3. Results
3.1. Structural relaxation

In this section, we report the change in coordination in the aGST
models due to relaxation with HSE06. A radial cut-off distance of
3.2 A was used to define coordination. Fig. 1 illustrates the average
coordination of atomic species before and after HSE06 relaxation in red
and blue histograms, respectively. Before relaxation, it is observed that
Ge prefers three- and four-fold coordination, while Sb favors three- and
two-fold coordination, and Te favors three- and two-fold coordination,
as shown by the red histograms in Fig. 1. Following relaxation, the
basic features remain unchanged; however, a reduction in three-fold
coordination in Ge and Sb was observed with an increase in four-
and five-fold coordination environments, which suggests formation of
defective octahedral motifs. This is supported by the Ge-centered and
Sb-centered angle distribution, which shows a pronounced increase
around ~170°, confirming that the higher coordination arises from
these distorted octahedral environments [20], see Figure S1. For Te,
increased three- and four-fold coordination was observed with reduced
two-fold coordination. The findings are shown respectively as blue and
red histograms in Fig. 1.

3.2. Defects in aGST

The electronic structure of the models is sensitive to the choice
of exchange—correlation functional and pseudopotential within density
functional theory (DFT) [5,21]. All models were relaxed and ana-
lyzed using the HSE06 functional. KMLE [7,9] used a similar hybrid-
functional calculation to examine electronic structure. Here, we report
the relatively minor changes in structure resulting from HSE06, and
also carry out computationally demanding thermal molecular dynamics
(MD) simulations with HSE06.

The electronic structure nomenclature is defined by four categories:
clean gap, shallow gap, mid-gap, and multiple mid-gap. Of the twelve
models, five have gap states. Of the five models with gap states, three
have a shallow gap state near the conduction band edge, three models
have one mid-gap state, and one model has two mid-gap states. Where
electronic structure is concerned, the only difference between this work
from KMLE involved M4, which showed no mid-gap state.

The band gap in an amorphous material is usually described as the
Mott or mobility gap, E,,,, which is the energy splitting between the
extended electronic state at the conduction mobility edge (CME; Eecdge)
and the valence mobility edges (VME; EY, ):

edge
_ g€ v
Egﬂp - Eedge - Eedge 4
c v . . .
Eg. (E, dge) is the lowest (highest) energy extended state in the

conduction (valence) band.

To estimate the localization of electronic states, we computed the
electronic inverse participation ratio (IPR) and define states with IPR
< 0.1 as extended states. The mobility gaps range from 0.66-0.87 eV
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Coordination analysis for the local environment of (a) germanium, (b) antimony, and (c) tellurium, respectively, averaged over twelve aGST models

from KMLE after HSE06 relaxation (Red color). Coordination number was calculated by using a cut-off bond distance of 3.2 A for each atom species. The blue
histogram shows the average coordination calculated from before HSE06 relaxation.
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Fig. 2. (a) The total and projected density of states near the band edges for M3. The projected density of states for atomic species reveals that Te dominates the
band edges. (b) The IPR indicates the extent of electronic localization of states near the band edges. (c) Atom-projection of the states at the conduction band
edge, LUMO, labeled in (b). The conduction tail state is predominantly due to Ge-Te and Ge-Ge, Te-Te forming a network illustrated by a large sphere. The
volume of the sphere represents the atomic contribution to the conduction band tail state. (d) The total and projected density of states near the band edges for
M7 show a shallow-gap defect near the conduction band edge. (e) The shallow gap state is localized (IPR ~ 0.25). (f) Atom-projection of the shallow gap state is
predominantly due to a Te atom (the largest brown sphere in (f)), and Sb-Sb bonds. The yellow vertical dashed lines in Figure (a-d) represent the Fermi level,

shifted to 0. Color code: teal - Ge, purple - Sb, and brown - Te.

with an average mobility gap of 0.76 eV (tabulated in Table 1) in rea-
sonable agreement with other simulations [7,22] which report values
between 0.5-0.8 eV and experimental values (>0.7 eV) [23,24]. The
positions of defect states (mid-gap and shallow-gap) with respect to the
CME are tabulated in Table 1.

3.2.1. Clean gap aGST model

Seven out of twelve aGST models exhibit a clean gap in the elec-
tronic density of states. A representation using M3 in Fig. 2a, where the
vertical dashed line is a Fermi energy (shifted to 0 eV). The electronic
inverse participation ratio (IPR) gauges electronic localization, analo-
gous to VIPR defined above.! The valence band tail is mostly derived
from Te atoms, whereas all the atomic species contribute to the con-
duction band tail. The IPR is indicated by gray vertical lines in Fig. 2b.
States near the conduction band minimum and valence band maximum
are significantly localized. The atomic projection of a conduction band
tail state (LUMO), labeled “i” in Fig. 2b, shows a contribution from a

! This is carried out rather crudely in this paper, using the atom-
projected atomic orbitals from VASP. It would be preferable to apply a more
sophisticated method like LOBSTER [25].

chain of Ge and Te atoms forming a filament of length ~9 atoms. Such
filamentary motifs are consistent with prior reports that near-linear
Te-Ge-Te units act as favorable sites for electron localization in the
conduction band tail [26]. This is illustrated in Fig. 2c, where the size
of the sphere represents the weights of the atom to the LUMO.

3.2.2. Shallow-gap defect aGST model

Three aGST models (M7, M8, and M9) exhibited a shallow-donor
level near the conduction edge. The shallow defect levels are 0.12-
0.15 eV below the CME, which is slightly lower than the experimentally
reported value of 0.18 eV [27], and KMLE. The total and projected
density of states for the M7 model is shown in Fig. 2d, showing a
shallow donor state at ~0.13 eV below the CBM. The level is localized,
as indicated by the high IPR value in Fig. 2e. Projection of the shallow-
gap defect state onto atomic species reveals localization primarily on a
cluster of atoms formed by Te atoms and neighboring Sb-Sb and Te-Te
homopolar bonds, as illustrated in Fig. 2f. The size of the sphere in Fig.
2f corresponds to the weight of the contribution by the atom to the
shallow gap. Similar shallow defects have previously been attributed
to homopolar bonding [9].
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Fig. 3. (a) The total and projected density of states near the band edges for the aGST model M8 shows multiple defects in the mobility gap. (b) Mid-gap states
(“i-ii”) and a shallow-gap defect (“iii”) are localized, indicated by high IPR values. (c) [i-iii] Atom-projection of the mid-gap states and a shallow-gap state. The

s
1

mid-gap state

is predominantly due to a cluster of over-coordinated Ge atoms with Te atoms (cluster is highlighted). Second mid-gap state “ii” 0.30 eV below

the conduction mobility edge is localized on a Sb-Sb-Sb trimer structure, while shallow-defect state “iii” 0.15 eV below the conduction mobility edge is centered

The yellow vertical dashed lines in Figure (a-b) represent the Fermi level, shifted to 0. Color code: teal - Ge, purple - Sb, and brown - Te.

Table 1
Mobility gap, mid-gap and shallow-gap states for the twelve models.

Model Mobility gap (eV) Mid-gap (eV)? Shallow-gap (eV)?
M1 0.81 - -
M2 0.70 0.37 -
M3 0.66 - -
M4 0.79 - -
M5 0.84 0.44 -
M6 0.82 - -
M7 0.69 - 0.13
M8 0.68 0.40, 0.30 0.15
M9 0.72 0.31 0.12
M10 0.87 - -
M11 0.73 - -
M12 0.86 - -

a Energies are reported as offsets below the CME (i.e., deeper into the gap toward the

Fermi level). Mean mobility gap across models: 0.76 +0.08 eV.

3.2.3. Mid-gap defect aGST model

Three aGST models (M2, M5, and M9) exhibit a mid-gap defect deep
in the band gap. The total density of states for model M5 is shown in
Figure S2a. The projection of the defect state into atomic contributions
revealed that over-coordinated Ge atoms are responsible for these deep
defects: see Figure S2b, where the size of the sphere shows the weight of
the atom species to the mid-gap state. The structural motif of these Ge
atoms is the local crystal-like bonding environment in the amorphous
network (see Figure S2c), where the Ge atom is responsible for the
state in a rock-salt environment. This observation has previously been
reported by Ref. [7]. Ref. [7] also demonstrated that these mid-gap
defects are capable of creating deep electron traps within the band gap.

3.2.4. Multiple mid-gap defect aGST model

One aGST model, M8, exhibits two mid-gap states. The electronic
density of states for M8 is shown in Fig. 3a, showing two mid-gap
defects at 0.40 and 0.30 eV below the conduction mobility edge. An
additional shallow defect level was observed at 0.15 eV below the con-
duction mobility edge. These defect states are localized as illustrated
by the high vertical line for the IPR in Fig. 3b. To study the structural

motif of these gap defects, each state, labeled “i-iii”, is projected onto
atomic species, as shown in Fig. 3c[i-iii], respectively, where the size of
the sphere indicates the weight of the atoms contributing to the defect
states. The projection shows that a cluster involving over-coordinated
Ge atoms contributes to the mid-gap state 0.40 eV below the CME. The
local structure of the cluster is highlighted as a magnified image in Fig.
3c[i]. Two five-fold and one four-fold Ge atoms bonded to Te atoms
contribute to the mid-gap defect. The projection of the mid-gap state,
labeled “ii”, onto atomic species shows that the state is localized in a
Sb—Sb—Sb bond network; see Fig. 3c[ii], while a group of Sb and Te
atoms contributes the most to the shallow defect state “iii”, see Fig.
3cliii].

3.3. Electron—-phonon coupling and conductivity

The electron—phonon coupling is large for localized states [28,29],
and this has implications to charge transport. This is related to Thomas’
concept of phonon-induced delocalization [30,31]. Thomas’ view is
justified by time-dependent DFT calculations in amorphous silicon
(a-Si) [32,33]. It seems likely that the effect is relevant in aGST.

Within an adiabatic approximation [34,35], we discuss thermally
induced fluctuations in the states around the Fermi level, consider-
ing the aGST model M5 with a single mid-gap defect. Model M5 is
thermally equilibrated at room temperature (300 K) for 1.3 ps using
the HSEO6 functional with Nosé-Hoover thermostat [36,37] at a time
step of 1.5 fs. Refer to Figure S3a for the average root-mean-square
deviation (RMSD) of each atomic species. Significant fluctuation of the
mid-gap and higher energy levels at the conduction band edge, over
time, were observed. The position of this mid-gap state fluctuates ~+
0.17 eV around the mean energy level, as illustrated by the yellow plot
in Fig. 4a. States above ¢, fluctuate more than valence tail states, a
situation also seen in a-Si [38].

For the first five states above ¢, the RMS fluctuation is correlated
with localization — higher localization, more fluctuation. The pattern
is less clear for states at or below the Fermi level, which uniformly
show less fluctuation than low-lying conduction levels (see Fig. 4b). The
reason for this is uncertain, though probably connected to the fact that
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Fig. 4. All plots correspond to M5 thermally equilibrated at 300 K using a Nosé-Hoover thermostat with a time step of 1.5 fs. (a) Fluctuation in Kohn-Sham orbitals
near the Fermi level, depicting fluctuations in mid-gap (solid yellow). See legends for fluctuations in different orbitals. (b) Energy-resolved orbital properties for
selected states in the aGST model M5. Black markers and lines show the inverse participation ratio (IPR), indicating the degree of localization of each state. The
red dashed line with diamond markers represents the thermal fluctuation of the corresponding orbital energies. (c-d) Snapshots of mid-gap(LUMO) and LUMO+1
energy level as an isosurface plot at times “t,;” and “t,”, respectively, labeled in (a).

Table 2

Atomic species resolved statistics for all 12 aGST models, showing the minimum (¢,,), mean ({({);, with standard deviation, o,), maximum
(Cmax) Values, as well as per-element thermal conductivity (x;). The “Avg.” row shows the average value per column.

Model Ge [x1073 W/m K] Sb [x1073 W/m K] Te [x10~3 W/m K]
Conin (©)ce (‘74) Cmax KGe Conin (928 (Gg) Cmax Ksh Cnin (92 (6;) Cnax Kre

M1 0.21 0.41 (0.11) 0.80 28.9 0.22 0.46 (0.11) 0.72 32.5 0.26 0.52 (0.12) 0.87 91.4
M2 0.24 0.42 (0.09) 0.65 29.3 0.23 0.47 (0.12) 0.96 32.7 0.25 0.50 (0.10) 0.85 87.0
M3 0.19 0.40 (0.12) 0.69 28.2 0.26 0.47 (0.11) 0.88 33.0 0.30 0.51 (0.10) 0.84 89.4
M4 0.21 0.41 (0.10) 0.75 28.7 0.23 0.48 (0.12) 0.82 33.7 0.23 0.51 (0.10) 0.79 88.6
M5 0.25 0.41 (0.09) 0.65 29.0 0.25 0.49 (0.10) 0.71 34.0 0.23 0.53 (0.11) 0.86 92.5
M6 0.22 0.42 (0.08) 0.60 29.3 0.26 0.47 (0.09) 0.67 329 0.29 0.50 (0.09) 0.83 86.9
M7 0.15 0.38 (0.09) 0.65 26.3 0.23 0.45 (0.08) 0.65 31.6 0.28 0.51 (0.10) 0.84 90.0
M8 0.24 0.42 (0.10) 0.63 29.6 0.30 0.50 (0.08) 0.69 34.7 0.28 0.54 (0.12) 0.95 95.0
M9 0.24 0.41 (0.08) 0.60 28.7 0.29 0.45 (0.10) 0.65 31.2 0.16 0.51 (0.10) 0.77 88.9
M10 0.12 0.43 (0.21) 1.30 30.4 0.04 0.48 (0.18) 0.90 33.7 0.01 0.55 (0.24) 213 96.5
Mi11 0.25 0.43 (0.10) 0.72 30.1 0.24 0.47 (0.10) 0.73 33.2 0.30 0.52 (0.10) 0.80 91.8
M12 0.15 0.42 (0.10) 0.64 29.2 0.27 0.48 (0.10) 0.80 33.5 0.28 0.53 (0.11) 0.87 92.7
Avg. 0.21 0.41 (0.10) 0.72 29.0 0.24 0.47 (0.11) 0.77 33.1 0.24 0.52 (0.11) 0.95 90.9

valence states contribute Hellman-Feynman forces to the ions, whereas
the states above £, do not.

These calculations suggest that the band tails of aGST, especially
the conduction tail, might exhibit a significant temperature depen-
dence [38]. Perhaps this could be experimentally probed using total
photoelectron yield spectroscopy (for the case of amorphous silicon,
see the work of Aljishi et al. [39]). A T-dependent conductivity can be
estimated using a thermally averaged version of the N2 method [40],
briefly reiterated in Appendix A.2.

We present snapshots of Kohn—-Sham orbitals at selected time steps
to illustrate the evolution of two higher energy states above the ¢ :
(i) a mid-gap level (LUMO) and (ii) a LUMO+1. Two representative
times, labeled t; and t, (taken 100 fs apart), are marked by red dots

in the mid-gap level plot in Fig. 4(a). During this interval, the mid-
gap level shows pronounced fluctuations compared to LUMO+1. The
Kohn-Sham orbital snapshots at these times are shown in Fig. 4c and
d. The eigenvectors, visualized as green isosurface plots, corresponding
to the mid-gap level, reveal two distinct chain-like networks within the
system, while the LUMO+1 shows a minor change in the structural
network. Importantly, the localized Kohn-Sham orbitals (mid-gap and
LUMO+1) exhibit large thermally induced fluctuations, leading to sub-
stantial variations in instantaneous charge density. We further observe
that the eigenvectors of the mid-gap level arise from networks centered
on overcoordinated Ge atoms.

The influence of electron-phonon interaction on electronic conduc-
tivity is examined via SPC analysis (see Appendix A.1), obtained at
different snapshots along a thermal MD trajectory. The wave-functions
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Fig. 5. Thermally driven electronic conductivity fluctuations for M5 at 300 K.
The SPC isosurface plot reveals fluctuations in conduction-active regions in the
model at different times. Color code: teal -Ge, purple - Sb, and brown - Te.

in Eq. (A.1) are the Kohn-Sham orbitals ¥;, computed within VASP.
The partial occupancies of the energy levels near the Fermi level
were approximated using the electronic temperature 7' = 1000 K for
the Fermi-Dirac distribution, which enables a reasonable sampling of
Kohn-Sham states near the Fermi level. This is admittedly artificially
large and invoked due to the sparse sampling of energy levels near the
gap, an intrinsic limitation for our small models.

Six snapshots, spaced 75 fs apart, sampled from the final 1.3 ps of
the 300 K MD simulation, were selected for SPC computations. The
electronic conductivity spans a wide range, from 107> to 10! S/cm.
Although the Kubo-Greenwood formula predicts average conductivi-
ties comparable to experimental reports (x10~3 S/cm [41]), the large
variability among snapshots reflects fluctuations in the mobility gap
and in the localization of states near the Fermi level. The mobility
gap fluctuates significantly around ~0.57 + 0.09 eV (see Figure S3b).
The SPC for four of the snapshots is shown in Fig. 5, illustrating how
conduction-active regions evolve with lattice vibrations. SPC depicts
the fluctuation in electronic conductivity that evolves from a low-
conducting state (at times 1.05 ps and 1.10 ps) to a comparatively
higher conducting state (at 1.15 ps) and reverts to a poor-conducting
state (at time 1.25 ps). Refer to Figure S4 for the atomic species
contribution to the SPC.

3.4. Thermal transport in aGST

Site-projected thermal conductivity evaluations were conducted at
room temperature (300 K) for the aGST models. The SPTC extracted
for the aGST models in Table 2 and mirrored in Figure S5a (Ge),
S5b (Sb), and S5c¢ (Te), indicates systematic species ordering, ({)r, >
(&)sp > ({)ge» across nearly all structures. From the “Avg.” row,
the mean values are 0.52 x 10~3 W/m K (Te), 0.47 x 103 W/m K
(Sb), and 0.41 x 1073 W/m K (Ge); thus Te carries, on average,
~11 x 10™> W/m K absolute more SPTC than Ge (~27% higher) and
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Fig. 6. Thermal transport character in aGST. (a) Mean absolute deviation
(MAD) from rock-salt three-body angles (90° between two adjacent ions in
the octahedron’s equatorial plane) for each centered element. The blue and
red dotted lines represent the 5th (blue) and 95th (red) percentiles of the
distribution. (b) Correlation between (normalized) SPTC, bond length (BL),
and coordination number per species averaged for models M1 to M12.

~5 x 10> W/m K more than Sb (~11% higher). The reported intra-
species dispersions are comparable (mean o, ~ 1-1.1 X 10~* W/m K),
giving coefficients of variation® clustered near 0.24 (Ge), 0.23 (Sb),
and 0.21 (Te)-typical for amorphous chalcogenides with heterogeneous
local environments [42,43].

The extrema ({,,,,) further reinforce this hierarchy with the average
of per-model x maxima being 0.95 x 103 W/m K for Te versus
0.77 x 1073 W/m K for Sb and 0.72 x 10~3 W/m K for Ge (also see
Figure S5 a, b, and c). The element-averaged x mirror the same pattern:
k. ~ 0.091 W/m K, about three times kg, (~0.033 W/m K) and «g,
(~0.029 W/m K). For 900-atom aGST, we computed k. =~ 0.092 W/m K,
kge ~ 0.030 W/m K, kg, ~ 0.033 W/m K showing the modest role of
finite-size on the thermal conductivity. Of course, the Te carries more
heat than the other species from the stoichiometry of the material.

Evaluating its predictive performance at room temperature, we find
an average thermal conductivity of 0.15 W/m K across the twelve aGST
models, in good agreement with the experimental room temperature
value of ~0.20 W/m K [44], as well as theoretical values (0.15-0.2
W/m K) [45,46]. The delta function in Eq. (A.13) is approximated by
a Lorentzian function with the smearing parameter 2 K (in units of

2 Coefficient of variation is the ratio to standard deviation to the mean.
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Table 3
Mode-resolved thermal conductivity of models M5 and 900-atom GST at room
temperature.
Modes Thermal conductivity (W/m K)
M5 aGST-900
Propagons 0.009 [~5%] 0.006 [~4%]
Diffusons 0.152 [>94%] 0.150 [>95%]
Locons 0.001 [<1%] 0.001 [<1%]

temperature), refer to Appendix A.3.1 for discussion on the broadening
factor and thermal conductivity.

SPTC variance outliers highlight the structural sensitivity of aGST.
Model M10, in particular, shows the broadest intra-species spreads
(Te: o, = 0.24; Ge: o, = 0.21; Sb: 6, = 0.18), reflecting a highly
heterogeneous transport landscape. The angular metrics in Fig. 6(a)
provide a structural explanation: larger deviations from the ideal aGST
rock-salt three-body angle [47,48] correlate with suppressed SPTC, and
it is characteristic of angles in defective octahedral motifs [8]. The
black lines mark the mean angular deviations (MAD) of 11.6°, 12.4°, and
12.9° for Sb, Ge, and Te, respectively (see Table S1). The lower (blue)
and upper (red) dashed lines indicate the 5th and 95th percentiles of the
distributions, so atoms near the blue line are closer to the ideal rock-salt
geometry, whereas those near the red line deviate most strongly.

A global comparison of the angle deviations shows that, although
Te has the highest MAD of ~13°, the spread around this mean is rela-
tively narrow. This indicates a uniformly disordered Te environment,
which has been reported to promote higher SPTC compared to more
localized disorder, as seen in amorphous Si [13] and in the contrast
between vacancy and Frenkel defects in crystalline W [49]. For Ge, the
element-level conductivity is correlated with angular disorder: xg, is
lowest in M7, which exhibits the largest MAD, and highest in M10,
which shows the smallest MAD. By contrast, the SPTC of Sb appears
largely insensitive to angular deviations, consistent with its mean angle
remaining close to the ideal rock-salt value.

This ordering is physically consistent with the established picture
of heat transport in aGST. At room temperature, thermal conduction is
dominated by diffuson-like vibrational modes rather than well-defined
propagating phonons; in the Allen-Feldman framework [50,51], the
SPTC depends on both the vibrational density of states (VDOS) in the
mid- to low-frequency window and =. Figure S6 illustrates this clearly:
Te and Sb contribute disproportionately in the low-mid frequency
range where diffuson-like modes dominate amorphous transport.

The relative contributions of the three vibrational regimes—
propagons, diffusons, and locons—following the definitions of Allen
and Feldman [50,51] can be analyzed by computing the thermal
diffusivity, refer to Figure S7(b-c). The localized vibrational modes
(locons), corresponding to frequencies above 150 cm~!, contribute
only marginally to the thermal conductivity, while propagons have an
overall contribution that remains limited. The dominant portion of the
thermal conductivity arises from the diffuson modes, see Table 3 for
the contribution of vibrational regimes to total thermal conductivity
for model M5 and 900-atom aGST model.’

Within the SPTC formulation, diffuson-like modes contribute to site
conductivities through the real-symmetric transport matrix = [13]. In
contrast, the VIPR curves (gray lines) associated with Ge peaks in
the high-frequency range reveal strong vibrational localization (the

3 The boundary between diffusons and locons is the frequency where
the vibrational states begin to show significant localization. The diffuson-
propagons boundary is estimated at the frequency where the diffusivity begins
to fall off toward lower frequencies. It may be preferable to estimate diffusions-
propagons boundary from the phase quotient, identifying the frequency at
which acoustic-like (high phase quotient) transitions into diffusion modes (low
phase quotient) [52].
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M4

Fig. 7. High SPTC (>70% of maximum SPTC) filamentary structure in M4 and
M5. The atoms are color-coded: teal, purple, and brown for Ge, Sb, and Te,
respectively.

locon regime), and such modes contribute little, or nothing, to heat
transport [13]. The same VDOS/VIPR pattern is consistently observed
across the other eleven models (see Figure S6). An outlier was noted
for M9 (localized Ge-Ge stretch modes) in Ref. [53].

We show that the range of the “thermal matrix” =
(see Appendix A.3) is ~8 f\, refer to the Figure S7(a). This quantifies
the non-locality of heat transport in aGST. To estimate the site-wise
contribution of the thermal conductivity, we require information only
within this range.

This same argument for connected, percolative pathways is rein-
forced by Figs. 6(b) and 7. In Fig. 6(b), SPTC is shown to increase with
coordination number (CN) and, more weakly, with mean bond length
(BL), with the strongest dependence for Te, intermediate for Sb, and
weakest for Ge. These correlations demonstrate that higher coordina-
tion and favorable bonding distances provide the structural conditions
most conducive to efficient phonon vibration and heat transfer. For
per-model comparison, Figure S8 shows the percentage distribution of
coordination numbers for the different elements. In addition, the atoms
responsible for the top-tier SPTC values (those > 70% of the per-model
maximum) form extended filamentary networks. As illustrated for mod-
els M4 and M5 in Fig. 7, these space-filling filaments resemble those
previously reported in amorphous Si [13] and serve as the primary
conduits for thermal transport in aGST.

Two practical observations follow for considerations of materials
design. First, the near-universal in-model ranking Te > Sb > Ge suggests
that Te-rich (and, to a lesser extent, Sb-rich) regions form the dominant
heat-carrying sub-network. For example, in finite-element homogeniza-
tion, weighting or refining around Te-dense clusters is therefore a
sensible strategy when the quantity of interest is the effective con-
ductivity [54,55]. Second, the “sensitivity” of M7 and M10 indicates
that modest changes in medium-range order (e.g., a higher fraction of
tetrahedral Ge, disrupted Te chains, or enhanced nanoscale porosity)
can collectively depress all three site-projected channels, consistent
with the sensitivity of amorphous chalcogenides to network topology
and vibrational-mode localization.
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4. Conclusion

This study provides a novel characterization of amorphous
Ge-Sb-Te structures by integrating electronic structure, vibrational
analysis, and transport properties. Hybrid-functional calculations
(HSEO06) and the space-projected conductivity (SPC) reveal the role
of mid-gap states, often associated with over-coordinated Ge atoms,
in shaping electronic activity and conductivity. Thermally induced
electronic fluctuations highlight the strong electron-phonon coupling
at room temperature, especially for conduction tail states.

On the thermal side, the site-projected thermal conductivity (SPTC)
analysis reveals that Te- and Sb-rich regions form the dominant path-
ways for heat conduction (even taking into account the higher Te
concentration due to the stoichiometry). Extended filamentary and
chemically selective networks govern thermal transport in aGST. The
SPTC statistics capture a chemically intuitive partitioning of heat flow,
consistent with the broader literature on chalcogenides and amorphous
vibrational transport.

The combined use of SPC for electrons and SPTC for phonons estab-
lishes a framework for mapping charge and heat transport at the atomic
scale. This spatially resolved perspective not only explains experimen-
tally observed features, such as the low lattice thermal conductivity
and the variability of electronic transport in aGST, but also provides
a generalizable methodology for analyzing transport in disordered
materials.
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Appendix A. Spatially local estimates of transport

For the atomistic local distribution of conductivity, we computed
the space-projected conductivity (SPC), a spatial decomposition of the
Kubo-Greenwood formula (KGF) for electronic conductivity, and site-
projected thermal conductivity (SPTC)- a spatial decomposition of the
Green-Kubo equation for thermal conductivity. The methodology for
SPC and SPTC is detailed elsewhere [10-13], but we provide a concise
description here.

A.1. Electronic case: Space projected conductivity

Within linear response and the single particle approximation, the
average of the diagonal elements of the conductivity tensor for each
k-point, k, and frequency, o, is [18,56]:

2

W) =35 Zj‘, ;[f(e,-,m A

| (v kP lwix) |25(£j,k — &k — hw)

(A1)

where e and m represent the charge and mass of the electron, respec-
tively. © represents the volume of the supercell. y;  is the Kohn-Sham
orbital associated with eigenvalue ;. f(g;)) is the Fermi-Dirac weight
and p” is the momentum operator along the Cartesian direction a.

If we define g;;(k, w) as

2me?
3mwQ

The conductivity can then be expressed as (and dropping the k and
 dependence):

o= g / d’x / &X' [y )p™ w; Oy (X )p (<]
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(A.2)

&ij (k,w) = [f(f,’,k) - f(£j$k)]5(£j,k — &k~ hw)

(A.3)

Taking &}?’i(x) = (//;”'(x)p“x//i(x), a complex-valued function defined on
a real space grid (call the grid points x) with uniform grid size (h) in
three dimensions, then the integrals can be approximated as a sum on
the grid from Eq. (A.3) yielding:

LW TG
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(A.4)
In Eq. (A.4), the approximation becomes exact as » — 0. Next, we
define a Hermitian positive semi-definite matrix:

reex) =Y g &noles(I*

ija

(A.5)

The matrix elements of I' have the dimension of conductivity, and
summation over all grid points recovers the KGF conductivity of the
system within a limit as # — 0. Summing out x’ gives the SPC () at
real-space grid points x.

2 I'(x,x")

The modulus is taken to ensure a real value for the scalar field ¢.
In spectral form, we can write:

o= 21"(x,x)+ Z (x,x")

x.x! x#x!

()= (A.6)

(A7)

We show elsewhere that the object I' is interesting. Its eigenvalue
problem reads I'y, = A, x,. I' always exhibits a huge null space, so
that its eigenvectors conjugate to a set of extremal A offer a compact
representation for the conduction active parts of the network.

The method has been implemented with VASP. It is possible to use
a local orbital DFT Hamiltonian as in SIESTA [57] or FIREBALL [58],
in which case one could extract site-projected SPC, which might be
convenient for large systems.
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A.1.1. Electronic conductivity and SPC in aGST

The wave-functions in Eq. (A.1) are the Kohn-Sham orbitals ¥,
computed within VASP. The gradient of y; for each a« was computed
using the central finite difference method. The partial occupancies of
the energy levels near the Fermi level were approximated using the
electronic temperature T = 1000 K for the Fermi-Dirac distribution. The
6 function was approximated using a Gaussian of width 0.04 eV. To
implement the SPC method, the 315-atom aGST models were divided
into a real space grid of 54 x 54 x 54 (dim I' = 157464). Refs. [59-62]
detail the dependence of KGF conductivity and SPC on different factors
involving the KGF formalism.

A.2. Electronic case: N2method [40]

We next describe a simple and convenient method for both es-
timating the electrical conductivity of a material and extracting a
spatial density function, which provides information about the spatial
distribution of electrical conductivity. We have named this the N?
method [40,49], and tersely recount the derivation here. It follows from
the work of Mott [63,64] and Hindley [65,66], which indicates that
electronic conductivity (¢) is determined by electronic activity near the
Fermi energy (e,). In particular, ¢ is proportional to the square of the
electronic density of states (N(E)) around ¢ ;, expressed as [40]:

o x [N(E)? . (A.8)

This approximation is valid for systems with extended states near
€. It is sometimes forgotten in the current literature that N 2 1), not
N{(e ;) is a proxy for electronic conductivity [67].

The contribution of the ith Kohn-Sham orbital (¢;) to the electronic
density of states at ¢ is:

ﬁzts(e,.—sf)

where M is the dimension of the single-particle Hamiltonian, and in
practice, the § function is approximated by a Gaussian function of
a selected smearing width. The spatial projection of the electronic
conductivity can be expressed as [40]:

Z (e, —

B = —‘ _ (A.10b)

S 1P ) dr
where |;(r)|? denotes the probability density of the ith Kohn-Sham
orbital at the spatial grid point r. The quantity f;; ensures that the
volume integral of Eq. (A.10) approximates N2(e ) and |y/‘-(r)|2|y/j(r)|2
vanishes in grid regions where the wavefunctions do not overlap. Since
each grid point r represents a contribution to N2, their projection thus
highlights electronic activity within the system.

N(gg) = (A.9)

L) = £)8(e; — £ lwi (D lw, (D17, (A.10a)

A.2.1. Finite-temperature generalization
For a semiconductor, the §-functions in Egs. (A.9)-(A.10) should be
weighted by the finite-temperature electronic occupations. The contri-
bution to transport is governed by the Fermi-Dirac weighting factor
that highlights electronic states that participate at temperature 7. Thus,
for finite-temperature transport:
afr(e)
dg;
This accounts for thermally activated carriers in a semiconductor
and reduces to Egs. (A.9)—-(A.10) in the zero-temperature limit.

(A.11)

og;—g;) — —

A.3. Thermal case: site-projected thermal conductivity: SPTC

In a classic paper, Allen and Feldman (AF) worked out thermal
transport from the Green-Kubo formula in the harmonic approxima-
tion, for disordered systems and a quantized lattice [50,51]. We have
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explained how to extract SPTC elsewhere [12,13] from their work, and
for completeness, tersely repeat it here. At the I' point of the Brillouin
zone, the vibrational normal modes are real. For such a case, the AF
expression for TC is:

2
3 [t
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m,n#Em

ST 3 el ton(hn,)

Twh !
P
a b
o p'y!ab mymy,
where, m and n are the indices of the classical normal modes, f,, is the

equilibrium occupation of the mth mode, ®,, and e{™ are the vibrational
frequency ‘”3, and the polarization e%". RZ is the nth component of R, ;

o2 0.1 (RY, + R, (A.12)

sz’ is the nth component of R, /. Also, ¢Zf , is the force constant tensor.
The thermal conductivity in Eq. (A.12), is taken as an average of the
diagonal components of the conductivity tensor.

The AF form for TC may be rearranged as a double sum over spatial
points (labeled x). Carrying this out, with Eq. (A.12), we find:

K=Y Z(x,x), (A.13)
where
n?
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E is called the “thermal matrix”. It is a real-symmetric matrix with
units of thermal conductivity. A Lorentzian function approximates the
6 function. We decompose the total TC into contributions depending on
atomic position x by summing out one index of Z(x, x’) over positions

x':

() = Y =X,

X!

(A.15)

We call ¢(x) the site-projected thermal conductivity (SPTC), the contribu-
tion of an atom at site x in a supercell to the total TC of the system,
since:

K= Z Z(x).

For anisotropic systems or off-diagonal terms, the conductivity tensor
k,p local contributions can be similarly obtained.

A simple argument clarifies the physical meaning of SPTC. The de-
composition above expresses the thermal conductivity as a sum over all
pairs of sites. Now, imagine removing one atom from the cell at position
y. The difference in thermal conductivity between the original system
and the one with the atom missing at y is evidently (by excluding all
the terms involving the site y in the SPTC) 4, = 23, E(x’,y) which
we can call the “Atomic Removal Conductivity” (ARC) for site y and
we used the fact that the thermal matrix, =, is symmetric. The term
> =(x',y) is exactly the SPTC for site y obtained from the preceding
discussion, so that ¢, (y) = 4,/2. We conclude that the SPTC at site y is
just half of the ARC.

Electrons and phonons both contribute to the thermal conductiv-
ity in aGST, but we will limit ourselves to the lattice contribution
(phonons). A cutoff distance of r. = 8 A was used for the calculation
based on SPTC convergence shown in Figure S7a.

(A.16)
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A.3.1. Discussion on thermal conductivity and broadening factor in aGST

Refs. [12,13] detail the dependence of thermal conductivity on
different factors involving the SPTC formalism. Thermal conductiv-
ity significantly depends on the broadening factor (6 in Eq. (A.14)).
Thermal conductivity increases with increasing broadening factor and
remains uniform at smearing window 1.9-2.1 K. In addition, the SPTC
per atom remains stable within this smearing window. The thermal
conductivity in aGST computed with the 2 K broadening provides
values that agree well with the previous theoretical prediction and
experimental measurements.

Appendix B. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.solidstatesciences.2025.108182.

Data availability

Data will be made available on request.
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