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Anharmonicity of soft optical phonons as the origin of low lattice thermal conductivity in SrAgSb
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Developing materials with low thermal conductivity requires an understanding of phonon transport, and it is
of significance for practical applications such as thermoelectrics. Traditionally, weak chemical bonding, heavier
atomic masses, and complex structure are the most common features in high-performance thermoelectric mate-
rials with low thermal conductivity. In this work, we applied the ab initio phonon Boltzmann transport method to
investigate the abnormally low lattice thermal conductivity observed in the Zintl-phase compound, SrAgSb,
among BaCuSb, SrCuSb, and the isomorphism heavier BaAgSb. The optical-acoustic branches coupling is
considered the main reason for the diminishing thermal conductivity of SrAgSb, whereas one low-energy optical
branch with low and negative Griineisen parameters. The hybridization between optical and acoustic branches
plays an essential role as the scattering center in reciprocal space, like defects in the crystal lattice. Our analysis
illustrates that the soft and anharmonic lowest-lying optical mode contributes to the lower thermal conductivity
of SrAgSb and suggests more potential chances for achieving high thermoelectric performance with intrinsic

low ki, among abundant Zintl-phase compounds.
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I. INTRODUCTION

Thermoelectric (TE) properties of materials have attracted
great interests in both fundamental science and practical appli-
cations because heat can be directly converted into electricity
for waste-heat recovery, and vice versa for refrigeration. The
dimensionless figure of merit z7' = S?0 T /(ke + lat) is used
to index the efficiency of TE materials. Here, T is the tem-
perature, o is the electrical conductivity, S is the Seebeck
coefficient specifying the perturbation-response cross effects
between the thermal and electric degrees of freedom, and
finally the thermal conductivity consists of the the electronic
contribution k. and lattice vibration portion k. Since tun-
ing one of these thermal, electric, and cross terms would
inevitably affect the others, the optimal figure of merit z7°
values generally favor a compromised charge-carrier con-
centration around 10'°-10° cm 3 in these TE materials [1].
Nevertheless, the lattice thermal conductivity x seems to be
the only property in the z7 expression that might be adjusted
independently.

The common strategy of reducing the lattice thermal
conductivity requires the defect engineering [2-7] via the
introduction of point defects, dislocations, nanostructures,
and so on. But, these extrinsic defects would inevitably dis-
turb the electronic transport as well. In addition to such
“trial-and-error” experiments, one alternative approach is to
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use the first-principles density-functional theory (DFT) to
computationally examine intrinsic low-«, mechanisms, suc-
cessful examples of which include the reported rattlinglike
behaviors [8], high-order phonon scattering [9,10], and hier-
archy structure [11-14], linear triatomic resonant bonds [15],
antibonding from p — d hybridization [16], metavalent bond-
ing [17], and a few others.

Recently, Zintl-phase compounds with ZrBeSi-type struc-
ture have received wide attention as promising thermo-
electric materials [18-27]. Due to the planar honeycomb
layer [28], higher hole-carrier mobility was found among
other hierarchical TE materials, ensuring their high elec-
tronic properties. The low thermal conductivity with point-
defect and grain-boundary scattering further provide some
ZrBeSi-type semiconductors with good performance, such as
SrAgSb [25], BaAgSb [27,28], and BaAgAs [20]. In addition,
the semimetallic BaAgBi also owns favorable thermoelectric
performance due to the asymmetric band shape between the
Fermi level [18].

Intriguingly, based on the experimental data [20,25], we
noticed that the thermal conductivity of SrAgSb is evidently
lower than the heavier isomorph, BaAgSb. Based on the clas-
sical concepts [29], the phonon features should be similar
in the same crystal structure, and «jy varies with the ele-
ment monotonically, such as averaged atomic masses. This
abnormal inverse ki, relationship has not been discussed and
explained clearly yet [30]. Without exception, lower sound
velocity and strong lattice anharmonic are responsible for
lower ki, of BaAgSb [20] and BaAgBi [18]. Understanding
this abnormal thermal conductivity could bring insight into
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FIG. 1. (a) Crystal structure of ZrBeSi-type compound with
SbSr¢ (AgSre) triangular prism and AgSb honeycomb layer as ball-
stick model shown. (b) Experimental lattice thermal conductivity
for SrAgSb [25], BaAgSb [27], BaCuSb [36], and SrCuSb [36] in
comparison with calculated values by phonon Boltzmann transport
equation (solid lines) and Slack model (dash lines) (c) The frequency
cumulative (solid line) and derivative (dashed line) lattice thermal
conductivity from PBTE results.

thermal transport, which promote the ZrBeSi-type TE semi-
conductor and further benefit the development of other low
thermal conductivity materials [31,32].

II. RESULTS AND DISCUSSION

The crystalline structures of the SrAgSb isomorphisms
belong to the space group of P63/mmc [33], in which the
honeycomb Ag-Sb (or Cu-Sb) layer is packed alternately with
the alkaline-earth St (or Ba) metals layer as shown in Fig. 1(a).
The anionic layer is good for electron transport, and the
alkaline-earth metals are responsible for phonon scattering.
This electron-crystal phonon-glass structure ensures the low
lattice thermal conductivity of SrAgSb, SrCuSb, BaAgSb,
and BaCuSb [25,27], as presented in Fig. 1(b). In particular,
SrAgSb has the lowest x1, and is much lower than that of
others, including BaAgSb, which has a heavier atom.

According to the classical Slack model [34], materials with
high average atomic mass often exhibit lower lattice thermal
conductivity when heat is carried by phonon above the Debye
temperature. The relationship of xj, by the Slack model, as
dashed lines show in Fig. 1(b), are much higher than the exper-
imental data. What is more, it cannot explain the lowest ki, of
SrAgSb. Table I shows the calculated properties of the Slack
model. The direct factors of lower ki, are the low sound speed
and strong anharmonicity. Nevertheless, the calculated values
in Table I seem unable to explain the inverse relationship of
thermal conductivity.

Ab initio phonon Boltzmann transport equation was em-
ployed to compared with the experimental data as presented

TABLE 1. Calculated thermal properties for empirical Slack
model: longitudinal and transversal sound velocities, Griineisen con-
stant, volume, and Debye temperature.

BaAgSb SrAgSb BaCuSb SrCuSb
v (m/s) 3668 3818 3845 4255
vr (m/s) 1990 1989 2235 2360
r 1.61 1.47 1.57 1.48
v (A%) 196.49 174.68 179.09 159.77
® (K) 206.63 215.36 238.04 254.46

in Fig. 1(b) (solid lines). And, the direct components of x|,
along the crystal axis are shown in Fig. S1 [35]. The slight
deviation in ambient temperature might come from the extra
phonon scattering from defects. It is worth noting that the cal-
culated results indicate the lowest lattice thermal conductivity
in SrAgSb, which is consistent with the experimental results.

The frequency contribution to xj, of all compounds at
300 K is shown in Fig. 1(c). The frequency accumulative
(solid line) and differential (dashed line) ki, are calculated.
Their dominant contributions are centrally distributed in the
low-frequency region since high-energy phonons has lower
velocity and less excitation number obeying the Bose-Einstein
distribution function. In spite of higher sound speed and more
excitation number, acoustic phonons near zero THz carry
lower energies and fewer phonon states. Therefore, the fre-
quency of phonons with majority contribution (~80%) to iy
of BaAgSb is in the range of 0.5 ~ 2.2 THz, where it is in
the broader range of 0.4 ~ 2.7 THz for SrAgSb. The extreme
points of differential «j,, of BaAgSb, SrCuSb, and BaCuSb
are located around 1.4, 1.8, and 1.7 THz, correspondingly.
In contrast, the highest peak of SrAgSb is at about 0.6 THz.
The following platformlike area fluctuates up and down until
1.6 THz, making its majority i contribution zone broader.
However, the median of accumulative «j, is similar between
SrAgSb and BaAgSb, both at around 1.3 THz. The wider
platformlike area with much lower «p, contribution and the
similar location of the ), median indicates that the dominant
k1 contribution zone in SrAgSb could be more strongly in-
hibited than others. Therefore, the suspected truncated part of
the derivative spectrum around 0.6 ~ 1.6 THz in SrAgSb can
mainly contribute to its abrupt low «j, compared with other
analogs.

A comparison of the group velocity is plotted in
Fig. S2 [35], and no abrupt decrease of phonons with large ve-
locity is observed in SrAgSb. The direct comparison of group
velocity and phonon band between BaAgSb and SrAgSb is
shown in Fig. S3 and Fig. S4. As can be seen, the group
velocity of the LA modes of SrAgSb is larger than BaAgSb in
the range of 1 ~ 2 THz, which is normally inversely related to
average atomic mass. The detailed anharmonic scattering will
be discussed in the following.

Figure 2 presents the phonon dispersions of SrAgSb,
BaAgSb, SrCuSb, and BaCuSb, respectively. The mode-
dependent Griineisen parameter is also projected on each
phonon band. The color map from blue to red indicates the
intervals of Griineisen parameters from —4 to 4. Four high-
energy optical branches are on the top. Other optical branches
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FIG. 2. Calculated phonon band of (a) SrAgSb, (b) BaAgSb, (c)
SrCuSb, and (d) BaCuSb. Color smear presents mode Griineisen
parameters, which range from —4 to 4.

are densely distributed in the range of 1 ~ 4 THz. The note-
worthy difference between the isostructural compounds is the
location of the lowest-lying optical (LLO) branch. The LLO
branch of SrAgSb is the lowest, especially at the M and
I' points, with a minimum frequency of about 1 THz. On
the other hand, the LLO branch of SrAgSb shows relatively
large anharmonicity with the negative Griineisen parameter
Viq and the smallest one is about —3 at the I point. The
negative part of the LLO of SrAgSb extends to about 1.5 THz,
whereas the LLO branches of BaAgSb, SrCuSb, and BaCuSb
are harder and have less anharmonicity than that of SrAgSb.
Their phonon modes both show the negative y; 4 closer to
zero nearby the M point. When the optical branches become
soft, optical-acoustic (OA) phonon hybridization is consid-
ered. The softening of optical phonon can be considered as
providing more scattering channels [37-39].

The mode-dependent anharmonic scattering rate is plotted
in Fig. 3. In SrAgSb, the striking difference is the double
prominent peaks compared with others, of which the peaks
are located around 1.3 and 2.7 THz, separately. Around the
dominant peak of SrAgSb, the corresponding values are one
order of magnitude larger than others. The scattering rate is
further resolved into two parts, the emission and absorption
process in 3-phonon scattering separately in Fig. S5 [35].
After separating the emission and absorption processes, we
find that the absorption process is responsible for a large
enhancement of the scattering rate around 1.3 THz, whereas
the second abrupt peak located around 2.7 THz is from the
emission process, which seems to keep away from the ideal
main derivative k1, zone from 0.6 to 1.6 THz. Hence, the
enhanced scattering rate of 3 phonons is from the absorption
process around 1.3 THz, which contributed to the low thermal
conductivity of SrAgSb. Note that the front peak of scattering
distribution is consistent with the mean location of the soft
and anharmonic LLO branch. Therefore, the low «,; probably
should be caused by this unique phonon feature in SrAgSb.

The scattering rate can be qualitatively described by the
scattering strength between phonons, as well as the number
of allowable scattering channels. The first item is scattering
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FIG. 3. Mode-dependent anharmonic scattering rate (7q,j)) for
(a) SrAgSb, (b) BaAgSb, (c)SrCuSb, and (d) BaCuSb.

strength, which can be reflected by the Griineisen parame-
ter [17]. On the other hand, the weighted phase space [37],
W=, is widely used as an indication of the available scattering
channels for the 3-phonon process allowed by energy and
momentum conservation. The overall weighted phase spaces
of BaAgSb and SrAgSb are higher than BaCuSb and SrCuSb,
as shown in Fig. S6 [35]. It means that Ag-based compounds
own lower «j,, more than expected compared with Cu-based
compounds. When the optical branches become soft, the OA
phonon hybridization is considered. The softening of optical
phonon branches is often treated as an indicator of lower kjy
in both calculations [40—43] and experiments [43—46]. The
OA phonon hybridization commonly can be considered as
providing more scattering channels [38,39]. Notably, similar
weighted phase space between SrAgSb and BaAgSb indicates
that a single soft optical branch is hard to change the scattering
channel significantly. Therefore, the low ki, of StAgSb could
mainly be attributed to the strength of anharmonicity, reflected
by the LLO branch with the negative Griineisen parameter.
Figure 4 presents the anharmonic scattering-rate contour of
the absorption process correlated to two initial phonons with
w; and w;,. Due to the main effect on heat conduction from
the Umklapp process, we extract the Umklapp process, and
the sparse g mesh is taken for simplifying postprocessing.
The consistency between sparse and dense mesh is checked
in Fig. S5. The peak values (pink and red zone) look like an
“L” shape in the SrAgSb, as shown in Fig. 4(a), while others
are located at the midpoint of the right boundary and appear
similarly in Figs. 4(b)-4(d). The L shape can be explained
by the fact that the phonon with w;; is likely to interact with
the soft and anharmonic LLO branch with w;/ and vice versa.
Both lead to the abrupt scattering-rate peak of the absorption
process of SrAgSb in Fig. S5(a). Although the optical phonon
behaves flat and has a much slower group velocity, the soft and
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FIG. 4. Mode-dependent anharmonic scattering rate (7.q,)) for
(a) SrAgSb, (b) BaAgSb, (c¢) SrCuSb, and (d) BaCuSb in Umklapp
and absorption process.

anharmonic LLO branch from 1 to 1.5 THz could dramatically
scatter the high group-velocity phonons from 0.6 to 1.6 THz
and contribute to the abnormally low k. Although the second
abrupt peak of scattering cannot directly diminish the lat-
tice thermal conductivity of SrAgSb, the intensity scattering
zones of two 3-phonon processes are related. As shown in
Fig. S7 [35], the 2D contour of the emission process of
SrAgSb shows that phonon modes around w;, ~2.7 THz are
more likely to decompose into the zone from 1.3 to 1.4 THz,
i.e., the position of the absorption peak. The strong scattering
zone of the emission process in SrAgSb looks like a hete-
rochiral L shape. It could be considered as the supplement
of w, phonon around 1.3 THz due to the excitation of the
absorption process. Both the lower right and left triangles of
the absorption and emission process reflect the energy con-
servation where the third phonon cannot exceed the highest
phonon level. Some weakly interacting regions inside the
energy-feasible triangle are due to the less phonons state or
phonon gap.

To understand the emergence of the negative Griineisen pa-
rameter, we extract the vibrational patterns of the lowest-lying
optical modes of SrAgSb at the I' and M points, as shown in
Fig. S8 [35]. Both cases behave as the bond-angle bending
pattern. In the I'-point case, the relative motion between Ag
and Sb along the ¢ axis and the Sr atom is kept stationary. This
vibration pattern, only correlated with the Ag-Sb honeycomb
layer, is similar to the “ZO mode” (diatomic transverse os-
cillation perpendicular to the honeycomb layer) in graphene,
of which the Griineisen parameter is also negative [47—49].
This vibration mode in 2D planar with a bond-bending effect
is commonly associated with the negative Griineisen param-
eter. In this 3D framework, the overbending ZO mode as 2D
counterparts is constrained by the triangular prism framework
of Sr-Ag and Sr-Sb. The potential-energy surface is calculated
in all compounds with the vibration modes of the ZO mode,
as shown in Fig. S9 [35]. The harmonic potential of SrAgSb
exhibits the smallest value in all compounds as expected.
At the M point, the rotational motion is observed, which is

similar to the negative thermal expansion materials, like the
oxygen-octahedron rotation in the perovskite [50], tetrahedra
in zinc blende, and diamondlike semiconductors [51].

We further consider thermal expansion’s impact on the
phonon band and thermal conductivity of SrAgSb. The uni-
axial negative thermal expansion in SrAgSb is identified by
using the ab initio molecular dynamics (AIMD) method, with
“a(b)” expanding by 0.5%, and “c” contracting by 0.14%.
This anisotropic expansion affects higher-frequency phonons,
but has a minimal influence on thermal conductivity as shown
in Fig. S10 [35].

III. CONCLUSIONS

In summary, we have calculated the thermal properties of
SrAgSb and its isomorphism by the ab initio calculations
and iteratively solving the phonon Boltzmann equation. The
calculated results explain the anomalous trend that SrAgSb
owns a lower iy (~1.78 Wm~' K~! at 300 K) than the heav-
ier BaAgSb (~2.68 Wm~! K~! at 300 K). Detailed analysis
reveals that this abnormally low «j,; of SrAgSb is due to the
soft and anharmonic lower-lying optical branch, scattering the
phonons which should assume the primary heat conduction.
The negative Griineisen parameters can be connected with the
flexural phonon mode in the planar graphene. The case indi-
cates that the abundant element substitution in one prototype
structure have the opportunity to get a soft and anharmonic
optical branch easily with no limit of the complex structure.
Therefore, a similar scattering effect for thermal conductivity
could be evoked in the undiscovered compounds by the ele-
ment substitution.

IV. EXPERIMENT
A. DFT calculation

The Vienna Ab initio Simulation Package (VASP) [52] is
used to perform the first-principles density-functional theory
calculations with the Perdew-Burke-Ernzerhof generalized-
gradient approximation [53]. The projector augmented-
wave [41] method is chosen to represent the atomic pseudopo-
tentials, which ensures fast energy and force convergences
with a plane-wave energy cutoff of 500 eV. The k meshes
for the primitive cell and the supercell of a size of 4 x 4 x 2
are 8§ x 8§ x 4 and 2 x 2 x 2, respectively. All the atomic ge-
ometries are fully relaxed to the residual forces and stress less
than 10~*eV/A~! and 103 GPa, respectively. The density-
functional perturbation theory [54] is applied to calculate
the second-order force-constant matrices and the phonon-
dispersion relations [55]. The third-order force constants
and anharmonic properties are calculated using the THIR-
DORDER.PY and SHENGBTE packages [56]. All the crystalline
structures are plotted using the VESTA software [57]. The
volume changes in 1.5 and —1.5% are applied in Griineisen
calculation. The comparision between experimental and the-
oretical lattice parameters are listed in Table S1 [35]. The
AIMD simulation with the constant pressure and temperature
(NPT ensemble) is performed to obtain the lattice parameters
at 300 K. The running time step is 1 fs with total 10 ps. The
AIMD results as shown in Fig. S11 reflect that the system
reaches the equilibrium at 300 K [35].
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B. Phonon Boltzmann transport equation
for lattice thermal conductivity

The SHENGBTE code is used in this work to perform
the phonon Boltzmann transport equation (PBTE) based on
the first-principles results from the DFT calculations. Under
the single relaxation-time approximation, the lattice thermal
conductivity tensor along the Cartesian axes of o and § can
be iteratively computed as follows:

_1 2
Kap = N.V Z Cw(q,j)vw(q,j)fw(q,j), (1)
17 w(q.))

where Ny is the sampling number within the first Brillouin
zone, V is the volume of the unit cell, Cu(q,j) and v, ;
are, respectively, the mode-dependent specific heat and group
velocity at a specific q point, and 7, ;) is the relaxation time
calculated by iteratively solving. Lattice thermal conductivi-
ties of many solids computed by using the phonon BTE have
been reported widely in the literature [16,58-61].

C. Empirical Slack model for lattice thermal conductivity

In contrast to the PBTE method, the empirical Slack
model [34] of lattice thermal conductivity ki, can also be
obtained from the first-principles DFT calculations. The «iy
can be written as

K = A[(M®?8)/(y* n*T)], 2

where M is the average atomic mass, ® is the acoustic Debye
temperature, § is the averaged volume per atom, y is the
Griineisen parameter, 7 is the number of atoms in the primitive
cell, T is the temperature, and the coefficient A in general
depends on the Griineisen parameter y, but can often take
an approximated value of 3.1x 107 [62,63]. Note that few
quantities can be directly obtained from the DFT phonon-
dispersion results. Explicitly, the Debye temperature ® can

be written as
ho( 3n 1\
0=— Um» (3)
kB\4nV

where £ is the Planck constant, kg is the Boltzmann constant,
Vis the unit-cell volume, and the average sound velocity v,, is

given in the terms of

1/1  2\1'°
”H%(FE)] | @

Here, the transverse and longitudinal wave sound veloc-
ities, vy and v, respectively, are obtained from the group
velocity around the I" point along the crystalline axis. Finally,
the Griineisen constant y can be sampled within the Brillouin
zone as

— Zyi,qci(Q)
Y Cilg)

where the mode Griineisen parameter y; , can be calculated at
the small volume-change limit as

®

i dIn Wi.q (6)
T
and the specific heat C;(g) at each phonon w; ;, becomes
hw; 2 ex (hw; 4 /kgT)
ci(q)zkg( "1) plowu/ul) )
ksT ) [exp(fiw; 4 /kpT) — 1]
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