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Abstract
Thermal conduction plays a vital role in applications of phase change memory (PCM) materials.
Phonon-based theory and the Wiedemann–Franz–Lorenz rule have been widely utilized to
describe the thermal transport in crystalline PCM materials, while the understanding of heat
conduction in the amorphous phase remains insufficient. Here, we quantify the contributions of
the coherences (coupling of vibrational modes) and populations (phonon-like) to the thermal
conduction of amorphous Ge2Sb2Te5 (GST) and GeTe4, two kinds of typical PCM materials.
The contributions of the coherences and populations are calculated using the theory proposed
by Allen and Feldman (AF theory) and the single-mode relaxation time approximation of
the Boltzmann transport equation based on first-principles calculations. Our results demonstrate
that coherences contribute more than 97% of the total thermal conductivities for both
amorphous GST and GeTe4 above Debye temperature, while the populations’ contribution is
negligible. Besides, the temperature dependence of the thermal conductivities is predicted and
analyzed, allowed by the AF theory with the mode linewidths-dependent broadening method
introduced in this paper. The predicted positive temperature dependence of amorphous GeTe4
above Debye temperature, in good agreement with the experimental results, is due to the
unique nature of coherences, i.e. larger contribution to heat conduction from stronger couplings
between different normal modes at a higher temperature. Our calculation provides new
insight into thermal transport in amorphous PCM materials and reveals the physical
mechanisms of temperature-dependent thermal conductivities above Debye temperature, and
the calculation framework can also be extended to other disordered systems.
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1. Introduction

Chalcogenide phase change memory (PCM) materials have
been widely investigated for applications in rewriteable
optical storage and electronic nonvolatile memory for decades
because of their unique fast and reversible phase change char-
acteristics between crystalline and amorphous states with sig-
nificantly different optical or electrical properties [1–4]. The
phase changes are implemented by fast heating and cooling
processes induced by applying an appropriate electrical cur-
rent or laser pulse [2, 5]. For PCM technology, the thermal
transport properties of PCM materials will determine the
switching time, cyclability, retention period, power consump-
tion, and reliability of memory devices [6–10]. Therefore, it is
crucial to quantitatively characterize the thermal conductivity
of PCM materials, that is closely related to the heat transport
phenomenon, and to dissect the influencing factors as well as
underlying thermal transport mechanisms.

The thermal conductivities of typical PCM materials,
includingGe2Sb2Te5 (GST), GeTe, andGeTe4, weremeasured
with optical [11–17] and electrical [18–25]methods. A consid-
erable number of results have been reported. Due to the dif-
ferent fabrication conditions, sample thicknesses, and meas-
urement techniques, the reported thermal conductivity data of
both crystalline and amorphous phases vary in a wide range.
Thus, theoretical and computational studies on the thermal
conductivity of PCM materials are necessary to reveal the
underlying thermal transport mechanisms. For the crystalline
PCM materials, the Wiedemann–Franz–Lorenz rule has been
widely used to describe the electron contribution to thermal
conductivity [6, 26], and the phonon Boltzmann transport
equation (PBTE) with well-developed solution methods in
recent years on its linearized form [27–29] has allowed reli-
able prediction on the lattice thermal conductivity based on
first-principles calculations [17, 30–32]. As for the amorph-
ous PCM materials, the electron contribution to the thermal
conductivity can be neglected because the electrical conduct-
ivity of the amorphous phase is orders of magnitude lower
than that of the crystalline phase, while the vibrational thermal
conductivity is inadequately studied or understood due to the
lack of long-range order and the elusive physical picture for
heat conduction in amorphous materials. An available calcu-
lation method is approach-to-equilibrium molecular dynam-
ics (AEMD). The time evolution of temperature difference in
the studied system is monitored after a nonequilibrium initial-
ization to predict thermal conductivity [27]. First-principles
AEMD simulations have been employed to predict the thermal
conductivities of amorphous GST [9, 33] and GeTe4 [34–36]
and to analyze the size effect combined with an empirical
model [33, 36]. A significant temperature difference is indis-
pensable for the AEMD method, so the temperature depend-
ence of thermal conductivity was totally ignored. The max-
imum temperature during the simulation even exceeded the
crystallization temperature [9], which might cause the struc-
tural transition inevitably. Hence, more reliable simulation
methods capable of considering the temperature dependence
of thermal conductivity are still needed for amorphous PCM
materials. Besides, further analyses are necessary to promote

the understanding of the thermal transport in amorphous PCM
materials, based on more fundamental theoretical modeling
and a compelling physical picture.

One physical picture of thermal conduction in amorph-
ous materials is random walks of energy between neighbor-
ing atoms vibrating, as proposed by Einstein [37]. Based on
the random walking picture, Slack proposed the minimum
thermal conductivity (MTC) model [38], and Cahill et al fur-
ther derived a widely-used formula [39] based on the Debye
model of lattice vibration. Although the MTC model predic-
tion agrees well with the experimental data of many amorph-
ous materials [40–43], including amorphous PCM materials
[10, 11, 17], at room temperature, the predicted temperature
dependence of thermal conductivity far above Debye temper-
ature is almost constant and not consistent with the signi-
ficantly positive variation tendency from experimental meas-
urements in some amorphous materials [44, 45], such as
amorphous GeTe4 [25]. The positive temperature dependence
indicates that different thermal transport mechanisms might
exist. The theory proposed by Allen and Feldman (AF the-
ory) reveals the new thermal conductionmechanism, i.e. coup-
ling between different vibrational modes [46], by consider-
ing the nondiagonal part of the heat-flux operator [47]. The
derived formula of thermal conductivity in AF theory consists
of an intra-band part and an inter-band part. The intra-band
part describes the phonon-like contribution to thermal conduc-
tion, while the inter-band part corresponds to the new thermal
conduction mechanism. Simoncelli et al also derived a general
transport equation from the Wigner phase space formulation
of quantum mechanics [48] to describe this new conduction
mechanism. Populations and coherences, corresponding to the
intra-band and inter-band part in AF theory, were proposed
and used to classify the thermal conduction [48]. The pop-
ulations’ contribution can be calculated by the single-mode
relaxation time approximation (SMA) of PBTE in the kinetic
regime, and the coherences’ part could reduce to the AF the-
ory in the harmonic limit [48]. AF theory has been widely
employed to predict the coherences’ contribution to thermal
conductivity, called diffusons’ contribution in [49,50], for
amorphous [10, 51–53] and complex crystalline [54] mater-
ials. However, the difference in coupling strength at differ-
ent temperature and frequency ranges were neglected due to
the Lorentzian broadening with a constant half-peak width for
practicality. Due to the lack of consideration of anharmonic
effects, the temperature dependence of thermal conductivity
deviated from the experimental results in the high-temperature
range [25, 45]. Thus, a temperature and frequency-dependent
broadening method may be necessary for AF theory [51] and
potential to overcome the harmonic limit, especially when the
temperature dependence is significant.

In this paper, we adopt the SMA method and AF theory
to quantify the populations’ and coherences’ contributions to
the thermal conduction of amorphous GST and GeTe4. Sosso
et al have used a similar framework to calculate the thermal
conductivity of amorphous GeTe based on molecular dynam-
ics (MD) simulations [10] with a machine-learning-based
interatomic potential [55]. They found that the size effect of
amorphous GeTe could be ignored, and this conclusion is also
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conceivable for other Ge–Sb–Te compounds. Due to the lack
of reliable interatomic potentials for GST and GeTe4, first-
principles calculations are carried out to generate the amorph-
ous structures and to obtain the interatomic force constants.
The other important motivation of this paper is to analyze the
temperature-dependent thermal conductivities of amorphous
PCM materials, especially above the Debye temperature. A
mode linewidths-dependent broadening method is introduced
for AF theory in this paper and applied in the amorphous
GeTe4 case. The rest of this paper is structured as follows. The
theoretical formulations and calculation details are presented
in section 2. The results, including structure characterization
and validation, mode-level properties, and thermal conductiv-
ities of amorphous GST and GeTe4, are given and discussed in
section 3. Finally, the conclusions are summarized in section 4.

2. Theoretical formulation and calculation details

Unlike the case in which phonons dominate the heat con-
duction in crystalline semiconductors or insulator materials,
the coherences’ contribution from the coupling of vibrational
modes is always non-ignorable for amorphous materials due
to the disorder structures and ultralow phonon-like contribu-
tion [56, 57]. AF theory has been employed in the frameworks
based on MD simulations [10, 49,51–53] or first-principles
calculations [54]. By considering the nondiagonal part of the
heat-flux operator [47], Allen and Feldman presented theKubo
formula of thermal conductivity [46, 58] and split it into an
intra-band part and an inter-band part, corresponding to the
contributions from populations and coherences in [48]. The
populations’ contribution reduces to the SMA result in the kin-
etic regime, i.e.

κP = κSMA =
1
3V

∑
i

C(ωi)v
2
giτi. (1)

Equation (1) is widely used in crystals and can also describe
the phonon-like contribution in amorphous materials in many
cases. In equation (1), C is mode specific heat determined by

C(ω) =− ∂n̄
∂ω

ℏω2

T
= kB

[
ℏω/2kBT

sinh(ℏω/2kBT)

]2
, (2)

vg is group velocity from the lattice dynamics calculation, and
the lifetime τ is calculated by

τi =
1

2ΓNMD
i

. (3)

ΓNMD
i is the mode linewidth from normal mode decomposi-

tion (NMD), which can be predicted by fitting spectral energy
density to a Lorentzian function

Ei (ω) = Ai
ΓNMD
i

[ωi−ω]
2
+ΓNMD

i

(4)

where Ei is mode spectral energy calculated by mapping
atomic trajectories from an MD simulation onto vibrational

mode coordinate time derivatives, and more details can be
found in [51, 59].

The coherences’ contribution was derived as a widely used
compact formula [46]

κC = κAF =
1
V

∑
i

CiD
AF
i (5)

by introducing the mode diffusivity

DAF
i =

πV2

3ℏ2ω2
i

∑
j̸=i

|Sij|2δ (ωi−ωj) . (6)

The mode diffusivities describe the contribution to the heat
conduction from coherences, i.e. coupling between vibrational
modes, different from phonon-like propagation. For amorph-
ous materials, in the case of gamma point and with only one
large cell considered, the heat-flux operator is formulated as

Sij =
ℏ
2V

vij (ωi+ωj) (7)

and

vij =
1 · i

2
√
ωiωj

∑
α,α ′

∑
k,k ′

ei,kαDk ′α ′,kα ×Rkk ′ × ej,k ′α ′ (8)

where Dk ′α ′,kα is the dynamic matrix element, ei,kα is the
eigenvector element, Rkk ′ is the distance between different
atoms. Substituting equations (6)–(8) into equation (5) leads
to

κAF
αβ =

1
V

πℏ2

kBT2
∑
i

ni (ni+ 1)
∑
j,j̸=i

(ωi+ωj)
2

4
vαij v

β
ij δ (ωi−ωj)

 ,

(9)

which has been proved equal to the exact expression of the
coherences’ contribution from the Wigner phase space for-
mulation of quantum mechanics in harmonic limit [48]. The
coherences’ contribution is expressed as [48]

κC
αβ =

1
V

∑
i,j(i̸=j)

{
ℏ2π
kBT2

ωi+ωj
2

[
ωifi

(
fi+ 1

)
+ωj fj

(
fj+ 1

)]

Vα
ijV

β
ji ×

Γi+Γj

2 /π

(ωi−ωj)
2
+
(

Γi+Γj

2

)2

 . (10)

The velocity operators in equations (9) and (10) are related by
[48]

vαij =
ωi+ωj
2
√
ωiωj

Vα
ij . (11)

AF theory considers couplings only between degenerate
eigenstates due to the nature of the δ function in equation (9),
and the difference in coupling strength at different temperat-
ure and frequency ranges are neglected. To overcome such a
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problem, we broaden the δ function in equation (9) in a differ-
ent way from the previous constant half-peak width inspired
by the term

δanh =

Γi+Γj

2

/
π

(ωi−ωj)
2
+
(

Γi+Γj

2

)2 (12)

which embodied the anharmonic effect in equation (10). A
Lorentzian formula

δb (ωi−ωj) =
ΓAF
ij

/
π

(ωi−ωj)
2
+
(
ΓAF
ij

)2 , (13)

is used, and the half-peak width ΓAF
ij is related to NMD

linewidths of involved modes by

ΓAF
ij = ξ

(
ΓNMD
i +ΓNMD

j

)
2

. (14)

Consequently, the temperature and frequency dependence of
coupling between different vibrational modes can be con-
sidered in the AF theory framework by using linewidths pre-
dicted for all the vibrational modes at the corresponding tem-
perature from NMD. We attribute the existence of a constant
ξ in equation (14) to the finite size of simulation systems. It is
worth noting that such an NMD linewidths-dependent broad-
ening method enables AF theory to consider the temperature
dependence of thermal conductivity resulting from the vary-
ing coupling of vibrational modes with temperatures, i.e. the
anharmonic effect.

Based on the above derivations and analyses, we calculate
the thermal conductivity of amorphous PCM materials by

κV = κP +κC, (15)

and quantify the populations’ (κP) and coherences’ contribu-
tions (κC) by equations (1) and (9), respectively. The samples
of amorphous GST and GeTe4 are generated by a melt-quench
process based on ab initio molecular dynamics (AIMD) sim-
ulations. Specifically, initial samples are melted at 3000 K
first to randomize the structures, then quenched to 300 K,
similar to the real quenching process, and finally equilibrated
for 10 ps at 300 K in the canonical ensemble (NVT). After
the amorphous structures are generated and then relaxed as
much as possible, the finite difference method is used to cal-
culate the interatomic force constants. The lattice dynamics
and NMD calculations are then carried out to get mode-level
properties, and the required atomic trajectories for linewidths
and lifetimes prediction are from 100 ps AIMD simulations in
the microcanonical ensemble (NVE) at various temperatures.
All the first-principles calculations, including AIMD simu-
lations, structure relaxation, and force constants calculations
[60, 61], are performed with a Vienna ab initio Simulation
Package (VASP) [62] using projective augmentedwave (PAW)
pseudopotential [63] and the generalized gradient approxima-
tion in the Perdew–Burke–Ernzerhof (PBE) [64] form for the
exchange-correlation functional. Phonopy [65] is also used for
lattice dynamics calculation.

3. Results and discussion

3.1. Structure characterization and validation

For amorphous materials, radial distribution functions (RDFs)
are widely used to characterize the short-order range, and
structure factors calculated by inverse Fourier transform of
RDFs are usually compared with the neutron or x-ray diffrac-
tion patterns to check the reliability of the simulated structure
[66]. Amorphous GST samples, including 225-atom samples
generated from the AIMDmelt-quench procedure in this paper
and 315-atom samples generated using Gaussian approxim-
ation potential (GAP) in [67], are relaxed with and without
van derWaals (vdW) interactions correction, [68] respectively,
for further structure characterization. The neutron structure
factors of the four samples mentioned above are calculated
and compared with the experimental results [69] in figure 1(a).
The four cases do not show significant differences, and all
agree well with the experimental results, except the first sharp
diffraction peak (FSDP) at around 1.1 Å−1, which is related
to the medium-range order in such a system [67]. A larger
model might be necessary, but the larger model with 7000
atoms generated by GAP-based MD only showed a modest
FSDP [67]. Such a large model is also beyond the capacity of
first-principles calculations, so we do not excessively expect
the same structure factor patterns from first-principles calcu-
lations as from the experimental results.

The RDFs of these four models are also calculated to ana-
lyze the local structure of amorphous GST further. As shown
in figure 1(b), the RDFs of the models generated by AIMD
and GAP-based MD show no difference either with or without
vdW correction, while the cases with vdW correction possess
a clearly smaller position of the second RDF peak. Consid-
ering that RDF peak positions are closely related to distances
between neighboring atoms, the density evolutions of the cases
with and without vdW correction are checked during AIMD
simulations in the isothermal–isobaric (NPT) ensemble, as
shown in figure 1(c). The same initial models with a dens-
ity close to the value reported in the previous experiments
(5.87 g cm−3 [70]) are adopted. It turns out that the dens-
ity in the case without the vdW correction decreases to a
significantly lower value while the density in the case with
vdW correction retains close to the value from the experi-
ments. vdW interactions correction has been proved neces-
sary and influences the dispersion relationship calculation for
the first-principles calculations on crystalline GST in the GGA
schemes [30, 32] due to lack of consideration on vdW inter-
actions. The comparisons here further demonstrate that vdW
interactions also matter in amorphous GST, and it is essen-
tial to consider vdW interactions correction for first principles-
calculation in the GGA schemes.

An amorphous GeTe4 sample with 250 atoms is also gen-
erated by the AIMD-based melt-quench process and then
relaxed with vdW correction. As shown in figure 1(d), the
structure factor of the amorphous GeTe4 sample agrees well
with the experimental results [71], apart from the position of
the first diffraction peak, which might be due to the sensitiv-
ity to the choice of exchange-correlation functional and vdW
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Figure 1. (a) Neutron structure factors of amorphous GST from experiments [69] and calculated for different samples, shifted up to be clear
(AIMD: 225-atom sample generated from AIMD based melt-quench process and relaxed without vdW correction; AIMD-vdW: 225-atom
sample generated from AIMD based melt-quench process and relaxed with vdW correction; GAP: 315-atom sample generated based on
GAP from [67] and relaxed without vdW correction; GAP-vdW: 315-atom sample generated based on GAP and relaxed with vdW
correction). (b) Radial distribution functions for different amorphous GST samples. (c) Density evolution of the simulated 225-atom GST
model generated from AIMD based melt-quench process in an isothermal–isobaric (NPT) ensemble at 300 K, with vdW correction
(NPT@300 K-PBE + vdW) versus without (NPT@300 K-PBE), compared with the measured density in [70] (Exp.@300 K). (d) Neutron
structure factors of amorphous GeTe4 from experiments [71] (Exp.) and calculated for the 250-atom sample generated from melt-quench
process based on AIMD simulations and relaxed with vdW correction (AIMD-vdW), shifted up to be clear.

correction method. The analyses on different approaches in
[72] demonstrate that schemes accounting for vdW interac-
tions are not univocal, and the impact of vdW correction is
still debatable. Therefore, we do not search for a perfect com-
parison with the measured structure factors.

3.2. Vibrational mode properties

Mode-level properties of all vibrational modes are calculated
for each sample based on lattice dynamics and NMD calcu-
lations to quantify the populations’ and coherences’ contribu-
tions. Group velocities, lifetimes, linewidths, and diffusivities
of an amorphousGST sample (with 225 atoms, generated from
an AIMD melt-quench process and relaxed with vdW inter-
actions correction) are shown in figures 2(a)–(d) to illustrate
the underlying details and to conduct further analyses. For the
prediction of the populations’ contribution based on equation
(1), group velocities and lifetimes are required. Effective group
velocities at the gamma point are averaged from group velocit-
ies of the points near the gamma point in a uniform grid, sim-
ilar to [10]. As shown in figure 2(a), the frequency-dependent
group velocities converge to a value close to the sound speed of
amorphous GST, 2250 m s−1 [11], in a low-frequency limit,

while the group velocities of the most vibrational modes are
orders of magnitude smaller than those in crystalline GST
[30], and much smaller than the sound speed assumed in MTC
model [39]. The exceptionally low group velocities of amorph-
ous GST can limit the phonon-like populations’ contribution
to thermal conduction. In NMD calculations, the mode life-
times are related with mode linewidths by equation (3), and
the linewidths are fitted from the spectral energy distribution
functions of vibrational modes, clearly Lorentzian-like in our
calculations. The predicted lifetimes and linewidths at 300 K
are presented in figures 2(b) and (c), respectively. The life-
times of most vibrational modes are between one and three
times the period of vibration (2π/ω − 3× 2π/ω), as illustrated
in figure 2(b). The values of the mode lifetimes are several
times larger than half the period of vibration assumed in the
MTC model [39], significantly lower than those of ideal crys-
talline GST, but comparable with the lifetimes of crystalline
GSTwith some point disorders, like vacancies andGe/Sb atom
translocation, reported in [30]. The analyses on the mode-level
group velocities and lifetimes show that the populations’ con-
tribution in amorphous GST is different from that in the crys-
talline phase, mainly in group velocities, due to the lack of
space periodicity. Compared with the MTC model, the mode
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Figure 2. (a) Mode group velocities predicted from lattice dynamics for amorphous GST. (b) NMD-predicted mode lifetimes for
amorphous GST at 300 K. (c) NMD-predicted mode linewidths for amorphous GST at 300 K. (d) Diffusivities based on AF theory for
amorphous GST at 300 K with NMD linewidths-dependent broadening at 180 K and 300 K, versus with constant broadening.

group velocities are significantly lower while the lifetimes are
of the same magnitude, so a lower phonon-like populations’
contribution is expected in this paper.

Diffusivities are needed to predict the coherences’ contribu-
tion by AF theory. For practical implementations of finite sim-
ulation systems, δ function in equation (9) must be broadened.
The Lorentzian function with constant half-peak width (ΓijAF)
equal to several times the mean level spacing of vibrational
modes frequency (∆ωave) has been used for different dis-
ordered materials in previous research [10, 51–53], nonethe-
less, without a unified and reasonable determination method
[48, 54]. In section 2, we have introduced the frequency and
temperature-dependent broadening method, which relies on
the mode linewidths predicted by NMD. As presented in
figure 2(c), the predicted mode linewidths at 180 K and 300 K
are in the range from 20 to 200 times of ∆ωave and exhibit
positive frequency and temperature dependence. AF diffusiv-
ities at corresponding temperatures are calculated according
to equations (6), (13) and (14) 13, shown in figure 2(d). The
diffusivities based on the constant broadening method with
a width of 5∆ωave recommended for amorphous silica and
some other disordered systems [51, 53] are also given for com-
parison. ξ in equation (14) is determined to make the aver-
age broadening width equal to that of the constant broadening
method. Compared with the constant broadening method, the
NMD linewidths-dependent broadening predicts smaller dif-
fusivities at low-frequency range while predicts larger diffus-
ivities at the high-frequency range due to the different mode

linewidths. The variation of diffusivities with temperature (see
the inset of figure 2(d)) can also be predicted by AF theory
with NMD linewidths dependent broadening and finally res-
ults in the temperature dependence of thermal conductivit-
ies. The new NMD linewidths-dependent broadening method
allows us to consider the anharmonic effects of coherences in
AF theory, described by the term δanh (see equation (12)) in
the universal formula of coherences contribution in [48].

3.3. Thermal conductivities of amorphous PCM materials

The thermal conductivity of amorphous GST at 300 K is pre-
dicted from various cases and plotted in figure 3(a), including
the populations’ and coherences’ contributions. Considering
the quenching rate-dependent chemical order of amorphous
PCMmaterials in the GAP-basedMD simulations [73, 74], we
predict the thermal conductivities of samples with 225 atoms
generated at various rates, from 500 K ps−1 to 5 K ps−1. No
evident dependence of thermal conductivities on the quench-
ing rate is found, andwe alsomake a statistical inference based
on the Pearson correlation coefficient with the null hypothesis
that the correlation is zero [75]. It turns out that the p-value is
0.7338 and the null hypothesis should be accepted, which sup-
ports the conclusion that the predicted thermal conductivity is
independent on the quenching rate. We attribute the quench-
ing rate independence to the 10 ps NVT equilibrium at 300 K
and structure relaxation before the calculation of interatomic
force constants, which remove most of the metastability and
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Figure 3. (a) Thermal conductivity prediction results of GST at
300 K in different cases: generated at various quenching rates;
relaxed with and without vdW correction for samples generated
based on AIMD or GAP; with various system size (with 90, 225 and
315 atoms). (b) Radial distribution functions for the amorphous
GST samples generated at various quench rates (500 K ps−1,
50 K ps−1 and 5 K ps−1).

different chemical order in the cases at various quenching
rates. This explanation is based on the comparison of the RDFs
from samples quenched at various quenching rates. As shown
in figure 3(b), no difference of RDF peaks exists in the cases
at different quenching rates, unlike the situations of vdW cor-
rection showed in figure 1(b). The influence of vdW inter-
action correction on thermal conductivity is also reported in
figure 3. The thermal conductivity in the case relaxed with
vdW correction is lower than that without vdW correction
for both AIMD and GAP-based samples. We use the point-
biserial correlation coefficient to test the null hypothesis that
the correlation between thermal conductivity and vdW correc-
tion is zero [76]. The p-value is 0.03, so the null hypothesis
should be rejected at the 5% significant level, a widely-used

criteria in statistics. The results here confirm the necessity of
vdW correction for thermal conductivity calculation, besides
the structure generation discussed in section 3.1. Hence, the
final results reported here are from the cases with vdW cor-
rection. For all the cases, the populations’ contributions are
all lower than 0.005 W m−1 K−1, which are negligible and
agree with the conclusions from MD-based calculations on
amorphous GeTe [10], apart from the 90-atom system. The
larger populations’ contribution (0.014 W m−1 K−1, 3.9%)
of the sample with 90 atoms possibly results from the relat-
ively larger influence of periodic boundary conditions, and
the quite different coherences’ contribution possibly results
from the limited modes quantity due to the finite size. For both
225-atom samples (generated based on AIMD) and 315-atom
samples (generated based on GAP), the values reported in the
system size group in figure 3 are averaged from independ-
ent structures, with the error bars estimated conservatively by
the range statistics. The reported values for 225-atom samples
and 315-atom samples are consistent with each other and in
agreement with the experimental results. Thus, we conclude
that both 225-atom samples and 315-atom samples are large
enough to describe the disordered structure and proper to be
used to predict the thermal conductivity of amorphous GST.
We finally report that the thermal conductivity of amorphous
GST at 300 K is 0.25 ± 0.04 W m−1 K−1, in which the pop-
ulations’ contribution is 0.004 ± 0.001 W m−1 K−1 (∼1.5%)
and the coherences’ contribution is 0.244± 0.035Wm−1 K−1

(∼98.5%), based on the results of all 225-atom and 315-atom
samples relaxed with vdW correction. The results mean that
coherences’ contribution to the thermal conductivity is dom-
inant, and the characteristics of the thermal conduction, like
temperature dependence, will be determined by coherences in
amorphous GST.

Due to the lack of enough experimental data of
temperature-dependent thermal conductivities for amorph-
ous GST, the temperature-dependent thermal conductivities
of amorphous GeTe4 are predicted and compared with the
results from previous steady-state measurements [25]. Pre-
diction results based on the MTC model and AF theory with
constant broadening are also presented in figure 4(a), shown
as purple dashed line and solid red line, respectively. For the
MTC model, the calculation formula [39] is

κMTC =
(π
6

)1/3
kBn

2/3
∑
i

vi

(
T
θi

)2
θi/Tˆ

0

x3ex

(ex− 1)2
dx, (16)

in which n is the density of atoms per unit volume
(3.01 × 1023 m−3 for amorphous GeTe4 [25]), and the sum-
mation is operated over three polarizations (i represents lon-
gitudinal or transverse modes). The cut-off of each integral is
determined by

θi = vi (h/kB)
(
6π2n

)1/3
, (17)

vi is approximated by measured sound velocity (1.19 km s−1

for amorphous GeTe4 [25]) for longitudinal mode, and the
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Figure 4. (a) Thermal conductivities of amorphous GeTe4 at
various temperatures from experiments [25], AEMD [34–36], and
predicted by AF theory with NMD linewidths dependent
broadening, and temperature dependence predicted by MTC model
[39] and broadening with constant broadening. Prediction results
from AEMD are given, with the error bars of AEMD results are
from the existing temperature difference while the error bars of AF
theory-predicted results are from temperature fluctuation in the
NVE ensemble. (b) Linewidths of amorphous GeTe4 predicted by
NMD at various temperatures.

relationship between the longitudinal sound velocity vl and
transverse vt (vl = 1.65vt) is also used, according to [25, 77].
As for the AF theory with the constant broadening method,
5∆ωave is used as the broadening width. Both the MTC model
and AF theory with constant broadening agree well with
the experimental results below Debye temperature but pre-
dict temperature-independent thermal conductivities in higher
temperatures, notably different with the positive temperature
dependence from the experiments [25]. The thermal conduct-
ivities at various temperatures are also predicted by AF the-
ory with the NMD mode linewidths dependent broadening
method, shown as red pentagrams in figure 4(a), which agree
well with experimental results, qualitatively. The temperature

error bars are from the standard deviation of temperature
fluctuation during the simulations in NVE at corresponding
temperatures, which are much smaller than the existing
temperature differences in AEMD simulations (see green error
bars of the triangles in figure 4(a)). We note that the calcu-
lation frameworks used in this paper are in equilibrium so
as to allow predictions and reliable analyses on temperature-
dependent thermal conductivities. Here, only coherences’ con-
tribution is considered because the populations’ contribution
for each case is below 2.5%, neglectable for the amorphous
GeTe4 sample. For predictions on coherences’ contribution, ξ
is chosen as 0.033 and remains consistent for cases at various
temperatures. We claim that the consideration of anharmon-
icity by the linewidths dependent broadening method results
in the good agreement of temperature dependence between
the predictions in this paper and the experimental results, and
it is coherences’ contribution that dominates the characterist-
ics of heat conduction in amorphous GeTe4. The larger mode
linewidths at higher temperatures, shown in figure 4(b), result
in the stronger coupling between vibrational modes, leading
to the larger coherences’ contribution, described by equations
(9), (13), and (14). This is quite different from the phonon-
like populations’ contribution, which will be smaller due to the
suppressed lifetimes, corresponding to the larger linewidths, at
higher temperatures.

4. Conclusions

In summary, we combined the AF theory and SMA to invest-
igate the vibrational thermal conductivity of amorphous PCMs
based on a first-principles calculation. A mode linewidths-
dependent broadening method is introduced, inspired by the
anharmonic term in the exact formula of the coherences’ con-
tribution. The new broadening method is adopted in the AF
theory to predict the coherences’ contribution, and the SMA
based onNMD is used to predict the populations’ contribution.
The predicted value of the thermal conductivity of amorphous
GST at 300 K is 0.25 ± 0.04 W m−1 K−1, and the coher-
ences’ contribution (98.5%) dominates the heat conduction
while the populations’ contribution (1.5%) could be neglected.
The temperature-dependent thermal conductivities of amorph-
ous GeTe4 are also predicted by the same framework and
turn out to be in good agreement with the experimental res-
ults above the Debye temperature, which are beyond the MTC
model or AF theory with the constant broadening. Our calcu-
lation offers new insight into thermal transport in amorphous
PCM materials and reveals the underlying physical mechan-
isms of the positively temperature-dependent thermal conduct-
ivities above Debye temperature.
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