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Thermal conductivity of group-III phosphides: The special case of GaP
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We calculate the lattice thermal conductivity of cubic group-III phosphides by solving the linearized Boltz-
mann transport equation for phonons and discuss how there is a large disagreement between the literature values
for GaP. We find the presence of comparably large third-order interatomic force constants at large interaction
distances that influence the thermal conductivity of GaP. When both four-phonon scattering and the contributions
from the long-range interactions are included in the calculation, a thermal conductivity of 76 W m−1 K−1 is
obtained at room temperature, in good agreement with a reported experimental value of 77 W m−1 K−1. Our
results show the importance of carrying out convergence tests with respect to all the calculation parameters and
could help explain the thermal conductivity in other systems where similar ambiguities are found.

DOI: 10.1103/PhysRevB.106.205202

I. INTRODUCTION

The high lattice thermal conductivity (κ�) of group-III
phosphides plays a vital role in technologies as varied as opto-
electronics, photovoltaics, and phononics [1,2]. A successful
approach to the prediction of κ� has been a combination of
second- and third-order interatomic force constants (IFCs)
calculated with density functional theory (DFT) and the lin-
earized Boltzmann transport equation (BTE) [3]. The method
generally shows good agreement with experiments, especially
for this type of structure with a high thermal conductivity [4].
In principle, it is also parameter free, but in practice minute
attention has to be paid to the underlying computational pa-
rameters.

Several studies have considered the calculation of κ� for
the group-III phosphides [5–9] and, as expected for this type
of calculation, both a good internal concordance and a good
agreement with the experimental values is generally found.
However, the results for GaP stand out. As shown in Table I,
there is a large spread in κ� calculated considering only three-
phonon (3ph) scattering, with the lowest value being 103 and
highest 157 W m−1 K−1. Generally, the theoretical results are
also larger than the available experimental room-temperature
thermal conductivity data for cubic-GaP (77 W m−1 K−1 [10]
and 100 W m−1 K−1 [11,12]). The substantial difference be-
tween the parameters used in different studies in Table I could
be the reason for the large difference seen in the corresponding
thermal conductivity values. Here, it can also be pointed out
that the best agreement with experiment is obtained in an
early study [6] employing, by today’s standards, a rather small
supercell, whereas the worst agreement is found for the largest
supercell employed [7] (Table I). It should also be noted that
the available experimental data are rather old and not in good
internal agreement. A state-of-the-art theoretical prediction
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could thus be useful, but the poor internal agreement between
the theoretical studies means that they contribute little insight
into the reliability of the experimental results.

More recently it has become possible to also calculate the
scattering due to fourth-order IFCs [13]. Two separate papers
[8,9] have demonstrated a substantial reduction of the GaP
κ� due to fourth-order IFCs scattering (Table I). One of these
studies [8] agrees well with the low experimental value of
77 W m−1 K−1 whereas the other [9] agrees well with the high
experimental value of 100 W m−1 K−1 (Table I).

In the present study we perform ab initio calculations to
calculate the thermal conductivity of zinc-blende group-III
phosphides with special focus on GaP. We elucidate the effect
of the aforementioned parameters on the anharmonic IFCs and
the thermal conductivity. We explain some of the ambiguity of
the earlier literature and find a good agreement between our
best possible prediction and the lowest reported experimental
thermal conductivity.

II. METHOD

By keeping only the terms linear in ∇T , the lattice thermal
conductivity can be expressed as [14]

κ
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where α and β run over the Cartesian axes, Vu.c. is the unit
cell volume, kB is the Boltzmann constant, and n0
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ωλ are the Bose-Einstein occupancy, the group velocity, and
the angular frequency of a phonon mode, respectively. λ is a
compound index of the wave vector q and branch index b. F
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where 	 is a linear function of v and 	 = 0 corresponds
to the single mode relaxation time approximation that is the
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TABLE I. Calculated κ� for GaP at 300 K together with certain computational parameters from the literature. For the supercell C stands
for conventional and P for primitive. For Refs. [8,9] the values obtained including 3ph scattering are listed first, together with those obtained
when 4ph scattering was also included.

Study IFC Supercell size (atoms) XC functional κ� (W m−1 K−1)

Lindsay et al. [5] Third 3 × 3 × 3 C (216) PBE 131
Raya-Moreno et al. [7] 4 × 4 × 4 C (512) LDA 157
Togo et al. [6] 2 × 2 × 2 C (64) LDA 104
Xia et al. [8] 4 × 4 × 4 P (128) PBE 118
Ravichandran et al. [9] 5 × 5 × 5 P (250) LDA 135

Xia et al. [8] Fourth 4 × 4 × 4 P (128) PBE 84
Ravichandran et al. [9] 5 × 5 × 5 P (250) LDA 107

starting guess for the self-consistent solution of Eq. (1). In
the present work, τ 0

λ is limited by the scattering caused by
three-phonon processes and mass disorder due to isotopes by
τ iso
λ . Furthermore, scattering due to four-phonon processes is

included using a model based on the data available in Ref. [9]
as will be discussed below. Three-phonon scattering rates are
expressed as [14]

1
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λλ′λ′′ denote the scattering rates due to phonon
creation and annihilation in three-phonon processes and are
given by


+
λλ′λ′′ = h̄π

4

n0
λ′ − n0

λ′′

ωλωλ′ωλ′′
|V +

λλ′λ′′ |2δ(ωλ + ωλ′ − ωλ′′ ), (4)


−
λλ′λ′′ = h̄π

4

n0
λ′ + n0

λ′′ + 1

ωλωλ′ωλ′′
|V −

λλ′λ′′ |2δ(ωλ − ωλ′ − ωλ′′ ), (5)

where the scattering matrix elements V ±
λλ′λ′′ are

V ±
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∑
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, (6)

ii′i′′ is an element of the third-order IFC tensor and the i’s the
compound indices labeling an atom and a Cartesian direction.
Mi is the atomic mass and eλ(i) is the eigenvector of phonon
λ projected on the degrees of freedom corresponding to i. The
first sum in Eq. (6) runs over the atoms in a reference unit cell,
whereas i′ and i′′ in principle run over all the other atoms in
the crystal. In practice the IFCs fall off to zero with distance
and the sums are only performed up to a certain cutoff radius.
This enters the calculation as a parameter and the larger the
supercell, the larger the cutoff radii that can be applied.

III. COMPUTATIONAL DETAILS

All first-principles calculations are done using the VASP

code within the projector augmented-wave method [15,16] us-
ing a plane-wave cutoff energy of 350 eV and either the local
density approximation (LDA) [17,18] or the Perdew-Burke-
Ernzerhof (PBE) [19] generalized gradient approximations to
the exchange-correlation (XC) functional.

The second- and third-order IFCs are obtained from the
forces using the finite-displacement method in 5 × 5 × 5 (250
atoms) and 6 × 6 × 6 (432 atoms) supercell expansions of

the primitive zinc-blende cell using only the 
 point. The set
of atomic displacements necessary for extracting the second-
order and third-order force constants are obtained using the
PHONOPY [20] and SHENGBTE [14] packages, respectively.
The third-order IFCs are calculated for atoms within a cer-
tain cutoff distance that is systematically increased to include
more nearest neighbors (nn) to check for convergence. Two
values, 0.01 and 0.03 Å, of the magnitude of finite displace-
ments are chosen to study their effect on the IFCs and κ�.

The lattice thermal conductivity is calculated using the
ALMABTE computer code [21]. A mixed-space approach was
used to calculate the nonanalytical term of the dynamical
matrix [22]. A sampling mesh of 32 × 32 × 32 phonon wave
vectors is used.

IV. RESULTS AND DISCUSSION

Table II lists the calculated thermal conductivity for GaP
using different computational parameters. First, it is clear that
the calculations with 0.01 Å and 0.03 Å finite displacements
lead to lattice thermal conductivities that differ substantially.
In order to understand this effect better, we study one such
triplet interaction, defined by the atoms numbered 0, 1, and
2 in Fig. 1. We displace atoms 1 and 2 in the triplet, and
calculate the force on the atom 0. We then calculate the force
constant value using the five-point formula
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(7)

where f x
0 is the force acting on atom 0 along the x direc-

tion, all atomic coordinates other than x1 and x2 have been
omitted for brevity, and the last term is zero. Figure 1 shows
the convergence of xxx

0,1,2 with the magnitude of the finite
atomic displacements. It reveals two important points. First,
in accordance with Table II, we see that for LDA convergence
is obtained only after 0.03 Å atomic displacements. Second,
in the case of PBE, convergence is much slower and is only
obtained only after 0.07 Å. The slow convergence for PBE can
be thought of as a consequence of the fact that PBE tends to
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TABLE II. Convergence of κ� at 300 K for GaP with respect to the different calculation parameters for the third-order IFCs. The row
labeled LDA (4ph) four-phonon scattering is added as discussed in the main text.

Functional Displacement (Å) Supercell size (atoms) Cutoff up to nn (Å) κ� (W m−1 K−1)

0.01 5 × 5 × 5 P (250) 5 (6.2) 83
0.03 5 × 5 × 5 P (250) 5 (6.2) 122LDA 6 × 6 × 6 P (432) 5 (6.2) 102

6 × 6 × 6 P (432) 6 (6.8) 84
6 × 6 × 6 P (432) 7 (7.3) 85

PBE 0.07 6 × 6 × 6 P (432) 6 (7.0) 89
LDA (4ph) 0.03 6 × 6 × 6 P (432) 7 (7.3) 76

underbind the atoms leading to smaller forces and therefore
larger errors in the force constants.

Table II also documents the dependence of κ� on the super-
cell size and the force constant cutoff. Increasing the supercell
size from a 250-atom cell to a 432-atom cell decreases the
calculated thermal conductivity. This is somewhat surprising
considering that the previously largest reported supercell, as
seen in Table I, resulted in a large calculated thermal conduc-
tivity. However, this calculation also cut the third-order IFCs
off at the fourth nearest neighbors. We performed a similar
calculation with 0.01 Å finite displacements and a 128-atom
supercell where only up to fourth nearest neighbors can be
taken into account. Thereby we also obtain a substantially
higher thermal conductivity of 153 W m−1 K−1, in agreement
with Ref. [7]. This would indicate IFCs at larger perimeters
that could not be sampled with a fourth-nearest-neighbor cut-
off contribute to the scattering. Systematically increasing the
cutoff in the 432-atom supercell size up to sixth nearest neigh-
bors we obtain a converged value of 85 W m−1 K−1 (Table II).
This is followed by an equally good agreement between the

FIG. 1. Convergence of force derivatives, calculated using the
standard five-point formula, with respect to the atomic displacement
of atoms 1 and 2, in the x direction by an amount h. The inset shows a
primitive cell of GaP with Ga atoms at (0,0,0) positions and P atoms
at (1/4, 1/4, 1/4). The green and pink planes show the Ga atom
triplets corresponding to the high IFCs seen at perimeters P ≈ 16 Å
and P ≈ 17 Å in Fig. 2.

respective LDA and PBE thermal conductivities, as seen in
Table II.

The calculated 3ph-limited lattice thermal conductivity at
around 85–89 W m−1 K−1 is in reasonable agreement with
the experimental values of 77 W m−1 K−1 [10] and 100
W m−1 K−1 [11,12] when considered in the context of the
earlier predictions (Table I). However, two earlier studies
[8,9] reported a substantial reduction of the calculated ther-
mal conductivity with the inclusion of four-phonon scattering
(Table I). These two studies disagree with respect to the
magnitude of the predicted lattice thermal conductivity. How-
ever, the difference between them can be traced to the 3ph
scattering (see Table I), which is understandable considering
the present results and the difference in the supercell used
in the two studies. In fact, the two studies agree reasonably
on the reduction of κ� due to 4ph scattering being around
30 W m−1 K−1 (Table I). Reference [9] plots the scattering
rates in the Supplemental Material therein where it is seen
that the effect of 4ph scattering is limited to a rather narrow
frequency range between f ≈ 1.5 and 3.25 THz, where τ−1

4ph is

comparable to τ−1
3ph. In this region the scattering rates follow

a simple exponential trend. Based on the data reported in
Ref. [9] we thus introduce a simple model for the 4ph scatter-
ing rates given as τ−1

4ph = 0.027 fs−1 exp(1.84 THz−1 f ) for the
frequency range f ≈ 1.5–3.25 THz. Adding these scattering
rates to τ−1

3ph and τ−1
iso according to Matthiessen’s rule reduced

the obtained thermal conductivity for the 5 × 5 × 5 supercell
from 122 to 105 W m−1 K−1. This is in good agreement with
the earlier results by Ravichandran [9], who used a similar
supercell, thereby validating the procedure. As the 3ph scatter-
ing rates are larger using the 6 × 6 × 6 supercell, the effect of
the fourth-order scattering is smaller. By including the fourth-
order scattering the κ� is reduced from 85 to 76 W m−1 K−1,
in very good agreement with the lower experimental value of
77 W m−1 K−1 at room temperature [10].

The above discussion establishes that the difference in cal-
culated κ� arises from third-order IFCs that can be included
when using large cutoffs. One convenient way of looking for
convergence of the third-order IFCs is to plot the norm of the
IFC tensor belonging to a particular triplet of atoms versus
the perimeter of the triangle formed by that triplet. This is
done in Fig. 2 for GaP and shows the presence of high IFCs
at large cutoffs. Such high IFCs, seen as purple triangles and
red circles at perimeters P > 16 Å in Fig. 2, are obtained
only when sixth nearest neighbors or more are included in the
third-order cutoffs. Those high interactions cannot be sampled
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FIG. 2. Convergence for the norm of third-order force constants
as a function of triplet triangle perimeter. The force constants have
been evaluated for displacements of 0.03 Å (LDA) and 0.07 Å (PBE).

even if we include up to fifth-nearest-neighbor interactions in
a 6 × 6 × 6 supercell nor in a 5 × 5 × 5 supercell, which can
only account for a maximum of up to fifth-nearest-neighbor
interactions. The importance of the long-range third-order
IFCs is further illustrated by calculating their contribution
[23] to the mode-dependent Grüneisen parameter γλ repre-
sented in Fig. 3. Similar to an earlier study of Bi and Sb
[24], the inclusion of the long-range third-order IFCs show
a marked influence on the acoustic bands whereas the opticals
are less influenced. The largest influence is found for the
longitudinal acoustic band where γλ changes substantially for
frequencies around 20 rad ps−1 underlining the inadequacy of
not including the long-range interactions.

For the third-order IFCs of the other group-III phosphides a
smooth convergence is observed with a cutoff distance (Fig. 4)
and the high interactions at larger atomic distances found in
GaP are absent. As a result the thermal conductivity values

FIG. 3. Calculated Grüneisen parameter using two different
third-order cutoffs. The large plot is a scatter plot of all bands on
a regular mesh throughout the Brillouin zone and the inset shows
specific directions.

FIG. 4. A comparison of the norm of third-order IFCs conver-
gence when calculated with 0.03 Å finite-displacement values for
BP, AlP, InP, and GaAs. All calculation use 6 × 6 × 6 P supercells
and seventh-nearest-neighbor cutoffs.

for group-III phosphides (Table III) show no drastic differ-
ences when including higher third-order IFC cutoffs in the
calculation of the scattering matrix elements [Eq. (6)]. This
is in agreement with the literature values for κ� of the other
group-III phosphides being much less spread out.

That the phosphides listed in Table III do not show an
unusual dependence of the calculated thermal conductivity
on the cutoff distance is in accordance with the earlier ob-
servation of the role of long-range Ga-Ga-Ga interactions
in determining the thermal conductivity of GaP (Fig. 2). In
order to understand whether these interactions are somehow
intrinsic to the Ga sublattice, we studied the effect of the cutoff
distance and finite-displacement distance on the third-order
IFCs and κ� of GaAs. Again, a smooth convergence of the
third-order IFCs is found (Fig. 4), suggesting that the presence
of strong interactions at larger atomic distances in GaP are
indeed specific to the GaP system. Furthermore, we find a
calculated GaAs thermal conductivity (≈45 W m−1 K−1), in
good agreement with recent experimental [25,26] and the-
oretical values [7,27,28], that is converged already for the
5 × 5 × 5 supercell as no further large IFCs are obtained for
the bigger supercell. While the long-range Ga-Ga-Ga interac-
tions do seem to be a peculiarity of GaP, it should be pointed

TABLE III. Convergence of room-temperature κ� with respect to
the different calculation parameters for the third-order IFCs in group-
III phosphides. All the calculations are done in 6 × 6 × 6 supercells
containing 432 atoms each with displacements of 0.03 Å.

Compound Cutoff up to nn κ� (W m−1 K−1)

BP 5 463
7 470

AlP 5 97
7 85

InP 5 96
7 91
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out that similar long-range interactions have previously been
found to be decisive for the thermal conductivity in number of
compounds containing heavy elements [24,29].

V. CONCLUSIONS

In this study we calculated the lattice thermal conductivity
of the group-III phosphides. We have shown how the conver-
gence with respect to the underlying parameters such as the
supercell size, the magnitude of the finite atomic displace-
ments, and the cutoff for the third-order atomic interactions,
plays a vital role in calculating the thermal conductivity of
cubic GaP. We explain some of the ambiguity of the earlier
literature on GaP and show how the presence of high IFCs
at large perimeters on the Ga sublattice need to be accounted
for using a large supercell with up to sixth-nearest-neighbor

interactions. When both 4ph scattering and the contributions
from long-range interactions are included in the calculation
of 3ph scattering, a thermal conductivity of 76 W m−1 K−1 is
obtained at room temperature, in good agreement with a re-
ported experimental value of 77 W m−1 K−1. We found these
interactions to be specific to the GaP system. Our study shows
that it is imperative to pay close attention to all the associated
parameters for the ab initio thermal conductivity calculations
and could serve as a guide for other systems where such high
IFC patterns exist.
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