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Most materials exhibit a monotonically increasing lattice thermal conductivity with pressure. However, in this
work, we report anomalous thermal transport properties of MgSe with a diamond phase under high pressure
by first-principles calculations. Unlike other selenides, the lattice thermal conductivity of MgSe decreases with
increasing pressure. We attribute this anomalous thermal transport to both harmonic and anharmonic effects.
The harmonic effect is related to the anomalous downward shift of the transverse acoustic modes, which leads
to decreasing phonon group velocities. This anomalous harmonic effect can also be confirmed by anomalous
soft elastic properties. The anharmonic effect, on the other hand, is related to the stronger anharmonic scattering
strength under pressure. Through bonding analysis, we found that the alternating bonding and antibonding states,
combined with the unique lattice structure, are the main reason behind this anomaly. Our results reveal that the
abnormal soft elastic properties under pressure can be a new way to judge whether lattice thermal conductivity

decreases with pressure.
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I. INTRODUCTION

Thermoelectric materials are promising alternatives to
solve the global energy crisis, as they can directly convert heat
to electricity without any pollutants [1,2]. The thermoelectric
efficiency of a material can be measured by its dimensionless
figure of merit, ZT, which is defined as

ZT = S*0T/(k. + k), (1)

where S is the Seebeck coefficient, o is the electrical con-
ductivity, T is the absolute temperature, . is the electronic
thermal conductivity, and «; is the lattice thermal conductiv-
ity [3,4]. Various approaches have been applied to enhance
the thermoelectric properties [5—-7]. Among these methods,
applying high pressure or strain has proved to be effec-
tive in increasing the thermoelectric properties [8]. However,
k; usually increases with pressure, which greatly limits the
effect of increasing thermoelectric properties by applying
pressure. If x; can be unchanged or reduced with pressure,
it is expected that decoupling and regulation of thermoelectric
properties through pressure can be achieved.

As early as 1924, Bridgman [9] measured the law of ther-
mal conductivity with pressure and drew relevant conclusions.
Liebfried and Schlomann (LS) [10] further summarized the
LS theory on the results. In LS theory, «; can be expressed as:
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where A is a constant, V is the volume, 6 is the Debye fre-
quency, and y is the weighted average Griineisen parameter.
According to LS theory, the x; of nonmetallic crystal materials
always increases with increasing pressure P (dk;/dP > 0).
However, LS theory is a simplified approximation based on
existing experimental results and cannot be applied to all
systems. Using first-principles calculations, Parrish et al. [11]
found that the thermal conductivity of silicon is constant when
compressed and only begins to decrease when the system is
stretched. This result contradicts previous classical molecular
dynamic simulation results [12]. Hohensee et al. [13] also ob-
served this unique thermal transport behavior of silicon before
the phase transition. It should be noted that the anomalous
pressure dependence of k; often occurs in phase transition
materials. This work does not discuss any phase transition
materials.

Currently, research on special thermal transport properties
under pressure is primarily focused on theoretical calcula-
tions. Lindsay et al. [14] calculated the «; of binary compound
materials under pressure and demonstrated that the «; de-
creases with increasing pressure for compounds with a large
mass ratio. They believed that this anomalous pressure de-
pendence of x; was due to the intrinsic scattering processes
for heat-carrying acoustic phonons. Ouyang and Hu [15]
reported that the anomalous pressure dependence of «; in
tellurides depended on the competition between the increase
in the velocity of longitudinal acoustic (LA) and optical
phononic modes, and the decrease in phonon relaxation time
in transverse acoustic (TA) phononic modes. Ravichandran
and Broido [16] found a nonmonotonic relationship between
k; and pressure in boron arsenide, revealing the compet-
itive response of three-phonon scattering and four-phonon
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FIG. 1. The crystal structure of (a) Fm3m and (b) F43m space groups. The primitive cell is marked by red lines. The «; of

(c) Fm3m and (d) F43m space group structures as a function of pressure.

scattering with pressure in boron arsenide. After that,
Ravichandran and Broido [17] also found that the «; of boron
phosphide first increases, and then decreases with increasing
pressure, revealing the hidden effect of the weak three-phonon
scattering channel generated by the selection rule on anhar-
monic decay. A recent experimental study [18] observed an
anomalous pressure dependence of the «; in boron arsenide,
resulting from competing three-phonon and four-phonon scat-
tering processes.

The mechanisms explaining the anomalous pressure de-
pendence of k; in the literature are different and cannot be
applied universally. These materials usually have a high «;,
indicating unsatisfactory thermoelectric properties. However,
as discussed in Ref. [14], binary compounds composed of IIA
and VIA elements show anomalous behavior between pres-
sure and ;. Moreover, selenides are promising low-cost and
environmentally benign thermoelectric materials [19]. Taking
this into consideration, we selected IISe (where II represents
the IIA group elements, including beryllium, magnesium,
calcium, strontium, and barium) to explore materials with
anomalous pressure dependence of «;.

II. COMPUTATIONAL METHODS

First-principles calculations are completed using the
Vienna Ab initio Simulation Package (VASP) [20] via the

projector augmented-wave approach. The Perdew-Burke-
Ernzerhof is adopted for the exchange and correlation
functions [21]. The kinetic energy cut is set as 500 eV, and
the lattice density of the Brillouin zone is 12 x 12 x 12.
The convergence criteria for energy and force are 1078 eV
and 1073 eV A~!, respectively. The calculation of elastic pa-
rameters and deformation charge density was computed using
VASPKIT [22]. The deformation charge density was visu-
alized with VESTA [23] software. The LOBSTER [24,25]
package was used to calculate the projected crystal orbital
Hamilton population (COHP).

The k; was calculated by using the phonon Boltzmann
transport equation, which was expressed as

1 2
K] = W ;quvqyrqy, (3)

where V is the volume of the unit cell, y is the phonon mode
index, g is the wave vector, N, is the number of discrete
k-points, C,,, is the heat capacity, vy, is the group velocity,
and 7, is the phonon relaxation time. This can be done by
using the ShengBTE [26] package, which requires harmonic
(second) and anharmonic (third) interatomic force constants
(IFCs) as inputs. To reduce the amount of calculation, the
results in Figs. 1(c) and 1(d) were calculated by fitting IFCs as
implemented in the HiPhive [27] code. This method has been
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FIG. 2. The «; of (a) BeSe, (b) ®a-MgSe, and (c) B-MgSe under different pressures as a function of temperature. The phonon dispersion of

(d) BeSe, (e) «-MgSe, and (f) B-MgSe under different pressures.

proved to have the same accuracy as traditional first-principles
calculations and is tens of times less time-consuming [28,29].
Details about fitting IFCs can be found in the Supplemental
Material Table S2 [30]. In order to obtain more accurate
phonon properties [as shown in Figs. 2(a)-2(c)], the supercells
selected for calculating the second and third IFCs were 5 x
5 x 5 and contain 250 atoms. The second and third IFCs
were calculated using the PHONOPY [31] package and thir-
dorder.py code [26], respectively. The tenth nearest neighbors
were chosen as the interaction cutoff for the third IFCs. The
phonon grid is set to 30 x 30 x 30 and the smearing parameter
is set to 0.1. The convergence test for the phonon grid and
smearing parameter can be found in the Supplemental Mate-
rial Fig. S2 [30].

III. RESULTS AND DISCUSSION

First, we screened cubic IISe binary compounds us-
ing the Materials Project database [32]. The space group
for cubic IISe includes F43m and Fm3m, as shown in
Figs. 1(a) and 1(b). We tested the structural stability of these
IISe binary compounds and found that BeSe (Fm3m), SrSe
(F43m), and BaSe (F43m) cannot exist stably. Although
CaSe (F43m) can exist stably, there are large imaginary
frequencies in the phonon dispersion when a pressure of
2 GPa is applied, as shown in the Supplemental Material
Fig. S1 [30]. Therefore, we will ignore CaSe (F43m) in the
following discussion.

Figures 1(c) and 1(d) shows the k; of IISe as a func-
tion of pressure, calculated by fitting IFCs. It is clear that
the k; of IISe (Fm3m) all increase with increasing pres-
sure, while only MgSe (F43m) shows a decreasing «; with

increasing pressure. For the sake of comparison, we selected
BeSe (F43m), MgSe (F43m), and MgSe (Fm3m) for further
discussion. To simplify, we refer to MgSe (F43m) as a-MgSe,
MgSe (Fm3m) as B-MgSe, and the space group of BeSe
defaults to F43m.

In Figs. 2(a)-2(c), we present «; as a function of tem-
perature for three selenides under different pressures. Due
to the intrinsic phonon scattering enhancement, «; for these
selenides decreases with increasing temperature from 100 to
700 K. For the case without pressure, the order of «; for
these selenides is BeSe > «—MgSe > -MgSe. For instance,
at room temperature, x; of BeSe, «-MgSe, and S-MgSe are
113.8 W/mK, 20 W/mK, and 6.7 W/mK, respectively. It is
noteworthy that «; of «-MgSe decreases with increasing pres-
sure. For instance, k; of «-MgSe at room temperature is 20
W/mK, and it decreases to 9 W/mK when a pressure of 5
GPa is applied. Furthermore, when the pressure continues to
increase to 10 GPa, «; of «-MgSe decreases to 3.4 W/mK.
The «k; of @-MgSe can drop as low as 1.5 W/mK under
10 GPa at 700 K, which makes «-MgSe an ideal candidate for
thermoelectric applications. The results of BeSe and 8-MgSe
are consistent with conventional crystal structures, where «;
increases with increasing pressure.

According to the results in Ref. [14], the anomalous pres-
sure dependence of k; is more likely to occur with a large
mass ratio. Although the mass ratio of BeSe is greater than
that of MgSe, this anomalous phenomenon does not occur in
BeSe. Therefore, mass ratio is not the criterion in this work.
In addition, «-MgSe and B-MgSe have the same elemental
composition, but the k; of «-MgSe and B-MgSe shows differ-
ent trends with pressure, indicating that lattice structure also
plays an important role.
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FIG. 3. The phonon group velocity of (a) BeSe, (b) «-MgSe, and (c) B-MgSe at different pressures. The group velocities for acoustic
phonon modes of a-MgSe are given at pressures of (d) O GPa, (e) 5 GPa, and (f) 10 GPa. The phonon relaxation time of (g) BeSe,

(h) «-MgSe, and (i) B-MgSe at different pressures.

To analyze the intrinsic mechanisms of this anomalous
phenomenon further, we present the phonon dispersions of
three structures at different pressures in Figs. 2(d)-2(f). Af-
ter applying pressure, there are no imaginary frequencies in
these phonon dispersions, indicating that these three struc-
tures are stable under pressures ranging from O to 10 GPa.
Comparing the phonon dispersions of the three structures, it is
found that BeSe and o-MgSe exhibit wide phonon bandgaps,
while the phonon bandgap of f-MgSe is much narrower. The
phonon bandgaps of the three structures increase with in-
creasing pressure. The larger the bandgap between the optical
and acoustic branches, the weaker the interaction between
acoustic modes and optical modes, the weaker the phonon
scattering, and thus the higher the «;. The optical modes move
to higher frequencies with increasing pressure. Interestingly,
it is found that the two TA modes of «-MgSe move downward
with pressure, while the two TA modes of the other struc-

23520

tures remain unchanged. Therefore, we believe that the two
TA modes of -MgSe moving downward with pressure are
the main cause of the anomalous pressure dependence of «;.
To reveal the underlying mechanism, we discuss ad-
ditional phononic parameters under varying pressures. In
Figs. 3(a)-3(c), we present the phonon group velocities of
three structures at different pressures and a temperature of
300 K. It can be seen that the phonon group velocities for
BeSe, «-MgSe, and $-MgSe are relatively similar, with a
maximum group velocity of 6 km/s. The group velocities of
optical modes in BeSe and «-MgSe are significantly lower
than those of acoustic modes, while the group velocities of
optical modes in B-MgSe are comparable to those of acoustic
modes. This is consistent with the previous phonon disper-
sions, where the optical branches of g-MgSe from I" to other
points appear very steep. However, the phonon group ve-
locity of the three structures has not changed significantly,
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FIG. 4. The Griineisen parameters of (a) BeSe, (b) «-MgSe, and (c) f-MgSe at different pressures. The Griineisen parameters for acoustic
phonon modes of a-MgSe at pressure of (d) 0 GPa, (e) 5 GPa, and (f) 10 GPa.

indicating that phonon group velocity is not the main determi-
nant of k;. Furthermore, we examine the group velocities of
different modes for «-MgSe, as illustrated in Figs. 3(d)-3(f).
The group velocities for the LA mode peak at approximately
5 km/s under different pressures. However, the group veloc-
ities for the TA modes, especially the low-frequency portion
(< 50cm™), decrease with increasing pressure. For example,
at the T'-point (around Ocm™), the group velocities for TA
modes are 2 km/s, 1.5 km/s, and 1 km/s for pressures of 0 GPa,
5 GPa, and 10 GPa, respectively. The anomalous downward
shift of the TA modes leads to lower group velocities for TA
modes in «-MgSe. A recent work [33] reported that the elastic
behavior of a material can be a powerful tool for deciphering
thermal transport. The group velocities for LA and TA modes
can reflect the longitudinal and shear sound velocity, which
are linked to lower elastic moduli.

In Figs. 3(g)-3(i), we present the phonon relaxation time of
three structures under different pressures at 300 K. The shift
in phonon relaxation time with pressure behaves similarly
to phonon group velocity. However, the phonon relaxation
time of BeSe and B-MgSe gradually increases with pres-
sure, while the phonon relaxation time of ow-MgSe gradually
decreases with pressure. Figure 3(h) shows that the phonon
relaxation time in the low frequency, which corresponds to
the acoustic modes, decreases significantly with increasing
pressure. The phonon relaxation time of optical modes in
a-MgSe is also significantly reduced, but the contribution
of high-frequency phonons to «; is limited. The anomalous
pressure dependence of «; is mainly due to the phonon
relaxation time of acoustic modes. This relaxation time is
primarily related to the square of the Griineisen parameter (the

strength of anharmonic scattering) and the P; parameter (the
number of anharmonic scattering channels) [34]. The Sup-
plemental Material Fig. S4 [30] provides the P parameters,
which remained relatively constant with pressure. There-
fore, we focus on the Griineisen parameters in the following
discussion.

In Figures 4(a)-4(c), we present the Griineisen parameters
for three structures at 300 K and different pressures. «-MgSe’s
acoustic modes have negative Griineisen parameters, and their
absolute values increase with pressure, indicating stronger
anharmonic scattering strength. This stronger anharmonic-
ity leads to a lower k;, which partially explains the results.
BeSe and B-MgSe’s Griineisen parameters do not change
significantly with pressure. We observe that the Griineisen
parameter of w-MgSe is particularly reduced for the TA
modes. In Figs. 4(d)-4(f), we display the Griineisen pa-
rameter and pressure change corresponding to the three
acoustic modes of w-MgSe. We see that the Griineisen pa-
rameter of LA modes changes less with pressure, while
the Griineisen parameters for TA modes decrease signifi-
cantly with pressure. At 0 GPa, the Griineisen parameter of
TA is primarily around —2, but when the pressure reaches
12 GPa, the Griineisen parameter of TA is mainly around —10,
with a minimum value reaching —30, especially for the lower
frequency part.

Figure 5 displays the growth ratio of the second IFCs
and the lattice constant. Higher second IFCs correspond to
stronger bonding. «-MgSe exhibits an ultraflat growth ratio of
second IFCs, but also displays a large reduction in the lattice
constant compared to BeSe and -MgSe. When pressure is
applied, the volume of «-MgSe can easily decrease due to
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its weak bonding. More specifically, under the same pressure,
the structure of @-MgSe is softer and easier to compress into
a smaller volume. Soft bonding can lead to more significant
atomic displacement during vibration. Therefore, the weak
bonding also leads to stronger anharmonic interactions and
larger absolute values of Griineisen parameters.

To gain a deeper understanding of anomalous mechanisms
in «-MgSe, we present the projected COHP in Figs. 6(a)—6(c).
Negative and positive COHP values correspond to bonding
and antibonding characters, respectively. After applying pres-
sure, the shapes of COHP for all structures did not change, but
they shifted slightly toward a lower energy level as a whole.
Applying pressure does not alter the essential bonding state.

(a) (b)

Under the Fermi level, the COHP of BeSe is all negative,
indicating strong bonding characters. Interestingly, the COHP
of «-MgSe and B-MgSe under the Fermi level are composed
of alternating bonding and antibonding states. This leads to
much weaker bonding states than in BeSe, which is also
reflected by the absolute values of COHP. However, 8-MgSe
does not show anomalous thermal transport. We further ex-
hibit the deformation charge density (DCD) of «-MgSe and
B-MgSe in Figs. 6(d)-6(g). From the three-dimensional views
in Figs. 6(d) and 6(e), the shapes of the DCD in «-MgSe and
B-MgSe are similar due to the similar bonding and antibond-
ing states in COHP. Because of the specific crystal symmetry
of Fm3m, the selenium atom in 8-MgSe is surrounded by six
magnesium atoms. The DCD in 8-MgSe is coupled together
and forms a circuit in Fig. 6(g). In contrast, the selenium atom
in ¢-MgSe is surrounded by four magnesium atoms, and the
DCD in @-MgSe is separated, as shown in Fig. 6(f). Although
the basic bonding and antibonding characters in «-MgSe and
B-MgSe are similar, the unique crystal symmetry in S-MgSe
results in stronger bonding states than in o-MgSe. Thus, we
attribute the anomalous thermal transport in «-MgSe to the
alternating bonding and antibonding states in COHP and the
diamond-like crystal symmetry.

The elastic properties of materials are widely used to eval-
uate the strength of interatomic bonding and lattice vibration
anharmonicity. Figure 7 shows the elastic properties of the
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three structures as a function of pressure. We first analyze the
Ci1, Ci2, and Cy4 parameters in the elastic constant matrix,
as shown in Figs. 7(a)-7(c). These parameters represent stift-
ness in the direction of the stress, stiffness in response to a
perpendicular stress, and stiffness in response to shear stress,
respectively. For cubic crystals, the conditions of stability are
simple: C]] —C]2 > 0, C]] +2 C]2 > 0; C44 >0 [35] The
maximum values for Cy, are much lower than the minimum
values for Cj;, which ensure stability for all structures under
different pressures. Among the three structures, «-MgSe has
lower slopes of Cj; and Cy4, and a higher lower slope of Cj,.
This indicates that «-MgSe has the strongest phonon anhar-
monicity. In addition, the change trend of the Cy4 parameter
in o-MgSe reflects that the frequency of the TA modes will
decrease under pressure. According to the definition of the
Griineisen parameter [36], if the frequency of the TA modes
decreases with pressure, a negative Griineisen parameter is
caused, and the amplitude is determined by the slope of the
decline of the Cy4 parameter.

As shown in Figs. 7(d) and 7(e), the slope of Young’s
modulus and shear modulus with pressure of «-MgSe is sig-
nificantly lower than that of BeSe and S-MgSe. Generally,
lower Young’s modulus, shear modulus, and large Griineisen
parameters correspond to lower «; [37]. Furthermore, as dis-
played in Fig. 7(f), the slope of the Poisson’s ratio of «-MgSe
is significantly higher than that of BeSe and B-MgSe. Weaker
bond strength results in softer phonon models and stronger
phonon vibrations during thermal transport. These elastic re-
sults indicate that the anomalous changes in Young’s modulus,
shear modulus, and Griineisen parameters in «-MgSe with

pressure are due to the soft bonds, which is the fundamen-
tal reason for the anomalous change in x;. The mechanical
properties under pressure can be used to determine whether
there will be anomalous changes in «;.

IV. CONCLUSION

In this work, we investigate the effects of pressure on the
lattice thermal conductivity of the «-MgSe (diamond-phase)
lattice. Unlike conventional crystalline materials, the lattice
thermal conductivity of «-MgSe decreases with increasing
pressure. To analyze the intrinsic causes, we compared BeSe
(diamond phase, the same structure) and B-MgSe (NaCl
phase, the same composition), and showed that only «-MgSe
exhibited this anomalous change in lattice thermal conduc-
tivity. Bonding analysis revealed that «-MgSe and S-MgSe
exhibit alternating bonding and antibonding states. However,
the selenium atom in B-MgSe is surrounded by six mag-
nesium atoms and forms a coupled, strong bonding state.
Bonding states in «¢-MgSe are separate and remain weak,
which leads to a stronger anharmonic scattering strength. The
transverse acoustic modes abnormally move to lower frequen-
cies, leading to decreasing phonon group velocities. These
lower phonon group velocities cause soft elastic properties.
The abnormal soft elastic properties under pressure can be
another way to reflect the abnormal thermal transport.
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