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The layered compound Mg;Sb, displays remarkable thermoelectric properties at low to moderate temperatures
due to its low lattice thermal conductivity, akin to heavier materials like SnSe, PbTe, or Bi, Te;. However, the
underlying cause of this low lattice thermal conductivity in the lightweight Mg;Sb, remains unclear. Employing
temperature-dependent Raman spectroscopy, we have identified the existence of a robust anharmonic interaction
between the optical phonon modes in polycrystalline Mg;Sb,. Additionally, we have observed a gradual decay
of all optical phonons as temperature increases confirming the decrease in lattice thermal conductivity at higher
temperatures. The introduction of Li into Mg;Sb, lattice results in a disparity among the crystallographic axes
for the phonon modes, intensifying the anharmonic phonon vibrations in Mg 9g5Lig 015Sb, compared to undoped
Mg;Sb,. The estimated anharmonic constant ~4.5 x 10~ K~ for Mg, og5Lig.0155b> closely resembles those of
other heavier thermoelectric systems, mainly attributed to quasiharmonic volume expansion and anharmonic
phonon-phonon interaction. The lattice thermal conductivity estimated from the Raman modes aligns with
experimentally measured values, confirming the significant influence of optical phonons on the thermal transport
of layered Mg;Sb,. These findings offer a comprehensive exploration of the interplay between optical phonon
modes and the origins of substantial phonon anharmonicity in the lightweight polycrystalline Mg;Sb, system.

DOLI: 10.1103/PhysRevB.109.195201

I. INTRODUCTION

Layered polycrystalline Mgs;Sb, has garnered significant
interest as a potential thermoelectric (TE) material for low
to moderate temperature applications due to its cost effec-
tiveness, environmental friendliness, and the ability to form
both p- and n-type Mg;Sb, through efficient doping. For
a system to achieve higher TE efficiency (zT), it is crucial
to lower its lattice thermal conductivity, as outlined in the
equation zT = oSzT/ (ke + Kiauice)- Here, o, S, Kjatice, and .
respectively denote the electrical conductivity, Seebeck co-
efficient, lattice thermal conductivity, and electronic thermal
conductivity of the samples at absolute temperature 7 [1]. To
enhance zT in a TE system, it is vital to have higher values
for § and o, while reducing «, and kjuyice- In @ TE semicon-
ductor, kiaice predominantly influences thermal conductivity
and hence it is very important to investigate the kiice Of a
TE system. Although first-principle band structure calcula-
tions have provided a predictive understanding of electronic
transport properties in material design, achieving a quantita-
tive microscopic comprehension of thermal transport in the
layered Mg;Sb, system remains a challenging endeavor.

The layered Mg3Sb, compound is categorized as a Zintl
compound and boasts a hexagonal crystal structure with
P-3m1 space group. It consists of an anionic [Mg,Sby]*~
layer nestled between two cationic Mg,?" layers. The bond
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between Mg and Sb within the [Mg,Sb,]>~ layer is covalent,
whereas an ionic bond is present between the [MgZsz]z’
and Mg,?>* layers. The two different Mg atoms in Mg3Sb,
occupy the octahedral sites of the [Mg,;Sb,]?~ layer and
the tetrahedral site within the [Mgzsbz]z’ slabs [2]. A key
feature of Mg3Sb, is its notably low lattice thermal con-
ductivity, contributing to the enhancement of its zT values.
Remarkably, despite being significantly lighter in weight com-
pared to SnSe, PbTe, ZnSb, and Bi, Te;, Mg3Sb, demonstrates
relatively lower thermal conductivity [3—10]. The lattice ther-
mal conductivity, approximately ~1.3 W/mK, achieved for
p-type undoped Mg3Sb,, is comparable to that of Bi,Tes, de-
spite the latter having a mass approximately 2.5 times heavier
than Mg3Sb,, or even with barium clathrates characterized
by a complex crystal structure. This defies the common mass
law: Kjagice ¢ M1 [3,7,11]. Moreover, kjice decreases when
lighter atoms like Li/Na replace Mg, contradicting the mass
law once again [7]. This suggests the existence of a concealed
mechanism that significantly restrains phonon propagation in
lightweight Mg3;Sb, compounds.

While considerable research has been conducted on the
electronic properties of undoped and doped Mg;Sb,, there are
few in-depth investigations on the phonon anharmonicity and
lattice thermal conductivity to date [5,6,12—15]. Understand-
ing the lattice dynamics, phonon anharmonicity, and their
relationship with ke are critical for enhancing TE prop-
erties [12,13,16]. Ma et al. compared the experimental data
with the calculated Fourier electron density maps generated
by single-crystal data and suggested that in the case of p-type
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Mg;Sb,, there are Mg vacancies at both anionic and cationic
layers, that affects the phonon vibrational modes [13]. The
recent study on the density functional studies of the Mg3;Sb,
by Wu et al. reveals the change in chemical bond around Sb
atoms due to cationic site defects, that leads to high anhar-
monicity in the Mgs;Sb, lattice resulting in the reduction of
lattice thermal conductivity [12]. However, the experimental
investigations on the lattice anharmonicity of layered Mg;Sb,
are not matured to date.

Raman spectroscopy, an adaptable technique encompass-
ing the interaction between light and matter, serves as an
effective tool for studying phonon anharmonicity in materials.
It offers insights into vibrational properties arising from a
material’s crystal structure, thermal expansion, chemical com-
position, and bonding [17,18]. Phonons, carrying information
about atomic and lattice vibrations, are strongly impacted
by structural imperfections such as defects and impurities.
Consequently, Raman spectroscopy stands as a robust method
to extract details on defects, phases, crystallinity, inhomo-
geneities, and anharmonicity in materials. Given that Raman
spectroscopy provides collective information on phonon vi-
brational modes, a comprehensive exploration of all the
Raman modes in a system allows estimation of phonon/lattice
thermal conductivity. Temperature-dependent Raman modes
offer substantial insights into lattice vibrational properties.
Therefore, alteration in Raman peak position and linewidth
with temperature yield comprehensive information about lat-
tice anharmonicity [18].

In this study, we conducted an investigation into the
temperature-dependent behavior of various optical phonon
modes in both polycrystalline undoped and Li-doped Mg3Sb;.
We employed both temperature- and angle-dependent Raman
spectroscopy techniques to delve into the phonon anharmonic-
ity in the Mg3Sb; system. Our findings revealed that Li doping
induced alterations in the symmetry axis of the optical phonon
modes, leading to an enhancement in phonon anharmonicity.
The contributions from both three-phonon and four-phonon
processes influencing the lattice thermal conductivity in the
layered Mg3;Sb, are confirmed. Our study presents detailed
examinations of the temperature-dependent optical phonon
modes in polycrystalline undoped and Li-doped Mg3Sb,
within the temperature range 173-503 K. We confirmed the
existence of low lattice thermal conductivity in Mg3;Sb,,
manifested through the phonon anharmonicity and decay of
optical phonon modes. Additionally, our investigation has
unveiled a correlation between the estimated lattice thermal
conductivity values derived from optical phonon modes and
the values obtained through experimental measurement. This
correlation implies the significant role of optical phonon vi-
bration in the thermal transport of layered thermoelectric
materials.

II. EXPERIMENTS

The synthesis route of undoped and Li-doped Mg3;Sb, is
detailed in our previous report, which involves ball milling
of raw materials in an inert gas atmosphere followed by
vacuum hot pressing [7]. The obtained hot-pressed samples
are of cylindrical in size and the density of the hot-pressed
solid samples is found to be ~99% of the theoretical den-

sity. The in-depth microstructure of the samples was carried
out using a high-resolution transmission electron micro-
scope (JEOL, JEM-2100plus). The optical phonon modes of
the obtained samples were investigated using the HORIBA
LabRAM confocal micro-Raman system equipped with a
liquid-nitrogen-cooled CCD camera and a laser source of 632-
nm wavelength was used for probing the samples. The laser
beam spot size was ~1 um during measurements [19,20]. The
room-temperature Raman spectra are collected at different
laser power starting from ~0.51 mW to 6.54 mW. The res-
olution of Raman measurement was 1 cm™!, and the spectra
were collected in a 40 cm~! to 200 cm~! wavenumber range
with 20 s acquisitions time and grating line 1800 lines/inch.
A 50X objective was used for all types of Raman scattering
experiments. A laser flash apparatus (Netzsch, LFA 457) is
employed for temperature-dependent thermal diffusivity ex-
periments, and a differential scanning calorimetry (Netzsch,
DSC404) was used to measure high-temperature specific heat
capacity (C,). The low-temperature C, of the samples was
carried out using the Physical Properties Measurement Sys-
tem (PPMS, Quantum Design, USA). The error in the C,
measurements is calculated to be ~7%. A dilatometry (Dil
402 supreme, Netzsch) is used to probe the linear thermal
expansion coefficient of the samples between 300 to 675 K
temperature range.

III. RESULTS AND DISCUSSIONS

The Mg3Sb; has a layered crystal structure, where anionic
[Mg>Sby]>" layer (Mg in the anionic layer will be labeled
as Mg2 in the remaining part of the text) is sandwiched be-
tween two cationic Mg2+ layers (Mg in the cationic layer will
be noted as Mgl), and is visualized in Fig. 1(a). The x-ray
diffraction studies as depicted in Fig. 1(b) reveal the presence
of Mg3;Sb, as major phase in both undoped and Li-doped
Mg;Sb,. A minute quantity (~2 — 3%) of Sb is found to
be present in the samples [7]. The nanocrystalline nature of
the samples is also confirmed from the high-resolution TEM
(HRTEM) images as shown in Figs. 1(c)-1(e). The lattice
fringes from (011), (012), and (110) planes are apparent and
lattice spacing are estimated to be 0.346, 0.265, and 0.227 nm,
respectively, those correspond to the « — Mg3Sb, phase hav-
ing hexagonal crystal structure [7]. The selected area electron
diffraction (SAED) patterns obtained from Mg;Sb, lattice
confirms the nature of the sample [refer to Fig. 1(e)]. It
can be observed from Figs. 1(a) and 1(f) that three different
bonds exist between Mg and Sb atoms, namely: (i) interlayer
Mgl1-Sb bond (dl), (ii) tilted Mg2-Sb bond (d2), and (iii)
vertical Mg2-Sb bond (d3). It is worth noting that the chemical
strength of the three different bonds is different from each
other and follows the d1 > d2 > d3 order. In the case of
Mg;Sb,, Mgl, Mg2, and Sb are nonequivalent atoms having
completely different chemical states. After confirming the
crystalline nature of the processed samples, we now turn to
discuss the optical modes present in the layered Mgz Sb, sys-
tem. It is mentioned earlier that the Mgl occupying between
two [Mg,Sb,]%" anion slabs is octahedrally coordinated with
Sb, whereas Mg?2 is tetrahedrally coordinated with Sb atoms
[21]. The primitive cell of Mg3Sb, contains five atoms having
P-3m1 space group and D3q(—3m) point group. From the
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FIG. 1. (a) The unit cell of layered Mg;Sb,, and the Mgl1-Sb interlayers inside the unit cell, (b) x-ray diffraction pattern of undoped,
Li-doped Mg;Sb;, the peaks corresponding to elemental Sb are marked with a blue solid circle. [(c)—(e)] High-resolution transmission electron
microscopy images showing the crystalline nature of Mg;Sb,, dislocation present in the system, and selective area electron diffraction pattern
confirming the Mg;Sb, phase, and (f) transverse and longitudinal phonon modes in Mg;Sb,. (g) Raman spectra of pure Sb, Mg;Sb, and

Mgz_ggsLi0_015Sb2 at 300 K.

group theory study, Mg;Sb, is expected to have 15 optical
phonon vibrational modes among which three are acoustic
modes and twelve are optical modes [22]. The optical phonon
modes “T'yj,” of Mg3;Sb, system can be written as

Cyip = ZEg(R) + 2Eu(1) + 2A1g(R) + 2An (), (])

where R and I, respectively represent the Raman-active and
IR-active modes [23]. E, and E,, are transverse phonon modes,
which are doubly degenerate, whereas A, and Ay, represent
longitudinal phonon modes. For Raman active modes, the
Raman tensors are as follows [24]:

a 0 O
Alg: 0 a 0 ,
0O 0 b
c 0 0
Ey=|0 —c 4],
0 d 0
0 —c —d
Eé: —c 0 o1, 2)
—d 0 0

Here, a, b, c, and d are the components of the Raman tensor.
The nonzero off-diagonal Raman tensor components in the E,

mode play a vital role in differentiating the E, mode from the
Ay mode.

The Raman spectra recorded at 300 K for Sb, undoped
Mg3Sb2, and Li—doped Mg3Sb2 (Mg2,935Li0_015Sb2) are de-
picted in Fig. 1(g), that confirms the presence of three distinct
Raman modes at 69, 117, and 147 cm~! in undoped Mg3Sb,
and at 68, 114, and 146cm™! in Li-doped Mg;Sb,. Three
Raman modes have been identified for elemental antimony
(Sb) powder at 108.96, 145.62, and 252.20 cm~'. Notably,
the only mode observed at 145.62 cm™' in Sb closely lies
to the 147cm~' mode observed for MgsSb, system. It is
important to mention that although there are few studies
on the Raman modes of layered materials, there is hardly
any report so far on the Raman modes observed in poly-
crystalline Mgs;Sb, [12,13]. However, the room-temperature
Raman spectra of single crystalline Mg;Sb, are reported by
Jin et al., which shows the presence of two transverse and
one longitudinal phonon modes [25]. On the other hand, re-
cent reports on theoretical studies of the Raman modes in
p-type Mg3;Sb, reveal that two distinct Raman modes at 69
and 117cm™" correspond to Eé and A%g respectively. The

third peak around 147cm™' is a debatable peak that can
arise from secondary Sb present in our samples or it can be
considered as Raman forbidden IR peak [12,13]. The appear-
ance of the forbidden Raman peak in p-type Mg3;Sb, may be
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and forbidden Raman modes with respect to polarized angle for (b) Mg;Sb,, and (¢) Mg, 9s5Lig.015Sb, samples.

due to the change detection of the zone-edged acoustic phonon
modes (the acoustic branches extending to the A point) [26].
As can be observed from Fig. 1(g), it is interesting to note
that compared to Eé and A}g peaks, the peak shift for this
particular peak is minimal in Li-doped sample, that lies within
the experimental error of the measurements. The schematics
of Eé and A}g of layered Mg3;Sb, is represented in Fig. 1(f).
It can be envisaged from Fig. 1(g) that the Raman modes shift
towards lower frequency when Li is doped at the Mg1 site of
Mg3Sb; lattice. This indicates the comparatively lower energy
for optical phonon modes in doped samples compared to that
for undoped Mg3Sb,. The low energy of the optical phonon
modes in the Li-doped Mg3;Sb, can be understood by taking
into account its individual bond strength. When Li is doped at
the Mgl site of Mg;Sh,, there is a change in the bond length
due to the different ionic radii of Li and Mg. Since the ionic
radius of Li is larger than that of Mg [7], the bond length
increases when Li-doped Mg3;Sb,, which will eventually lead
to the decrease in bond strength, and hence softening of the
optical phonon modes will be expected in Li-doped Mg3Sb,
compared to that of undoped Mgs;Sb, [20]. The softening
of the phonon modes will eventually lead to the decrease in
lattice thermal conductivity in Mgj 9g5Lig.915Sbs, which will
be discussed in the later part of the text. Next, we have car-
ried out room-temperature polarized Raman spectroscopy to
investigate Li-doping effect on the crystallographic axes of the
optical phonon modes in Mg3;Sb, and is visualized in Fig. 2.
For the polarized Raman spectroscopy experiment, the polar-
ization of the incident laser light is carried out in a horizontal
direction and the analyzer is fitted near the mouth of the spec-
troscope to properly analyze the Raman signals from a parallel
layout. The angle-dependent Raman spectra are perceived by
rotating the polarizer and the analyzer direction is set par-
allel with the excitation polarization direction [Fig. 2(a)]. A
series of angle-dependent Raman spectra are collected under

parallel configuration with different “6” values and are de-
picted in Figs. 2 and 3. It can be noticed from Figs. 2(b) and
2(c), and 3(a) and 3(b) that peak intensities of Eé and A{g
modes exhibit strong angle dependence as demonstrated by
the contour color map under parallel-polarized configuration.
Figures 3(d) and 3(e) reveals that both the Raman modes
are having two-fold symmetry. The twofold symmetry is a
signature for anisotropy nature of Mg3Sb, [27]. From the
polarized Raman data, the symmetry axis of the Raman modes
is determined by fitting the experimental data according to the
equation: I oc d?sin?2(6 + 6y), where 6 is the polarized angle,
B is the starting angle, and / is the intensity of the Raman
modes [28,29]. The variable “d” is related to the magnitude of
the Raman tensor as discussed elsewhere [29]. The fitting of
the polarized Raman modes is depicted in Fig. 3(c). As shown
in Fig. 3(d), the symmetry axes of all the optical phonon
modes for undoped Mg;Sb, are found to be at 40 degree.
But in case of Li-doped Mg3Sb,, the symmetry axes for Eé
and A{g modes are at 60 and 40 degree, respectively [see
Fig. 3(e)]. This means that Li-doping in Mg3Sb, lattice alters
the symmetry axis of the transverse optical phonon modes
without changing the symmetry line of the longitudinal mode.
The deviation of the symmetry lines for Eé and A% modes
in Li-doped Mg3;Sb, can indeed be attributed to change in
bond strength due to Li doping at the Mgl site. It can also
be noticed that the symmetry axis of the Raman peak at
147 cm~! changed from 40 degree in undoped Mg;Sb, to 20
degree in Li-doped Mg3;Sb,. Here it can be stated that if the
peak at 147 cm~' would have appeared from secondary Sb
phase, then the symmetry axis would not have changed in the
Li-doped sample. Hence, the third peak at 147 cm~! may be
considered a Raman forbidden IR peak arising from Mg3Sb,
lattice [12,25]. This presence of this Raman forbidden peak is
also observed in p-type Mg;Sb, when there is no secondary
Sb is present [12,13]. The different symmetry lines of the
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FIG. 3. The contour plot showing the angular dependence of the Raman intensity for all the Raman modes in the parallel-polarized config-
uration for (a) Mg3;Sb,, and (b) Mg, 05Lig.015Sb, at 300 K. (c) The fitting of the polarized Raman data corresponding to I oc d*sin?2(0 + 6,)
relation, the solid points are the measured data and the line represents the fitted curve. The polarized Raman spectroscopy data along with fitted
curve at 203 and 300 K for (d) MgsSb,, and (e) Mg; 9s5Li9.015Sb, samples. The red and blue data points in (d) and (e) represent the polarized
Raman data at 300 and 203 K respectively. The lines in (d) and (e) represent the fitted curve according to I o< d?sin?2(@ + 6,) relation.

Raman modes in Li-doped Mg3;Sb, will have a pronounced
effect on its lattice anharmonicity and thermal conductivity
[19,20]. To confirm whether temperature has any effect on
the crystalline symmetry axis, we have carried polarized Ra-
man spectroscopy at 203 K and is depicted in Figs. 3(d) and
3(e). It can be observed that the crystalline symmetry axis
remains unaltered at 203 K. From the polarized Raman spec-
troscopy experiment on undoped and doped Mg3Sb,, it can be
concluded that compared to thermal energy, the symmetry
axis of the optical phonon modes in polycrystalline Mgz Sb,
is directly related to the doping element. The different axis for
the optical phonon modes in Mgy 9g5Lig 015Sb, is due to the

change in the bond length and bond strength of the phonon
modes as a result of Li-doping at the Mg site of Mg3Sb,. This
change in symmetry axis of the optical phonons will lead to
more phonon anharmonicity in the Li-doped Mg3Sb,, which
will be detailed here.

After studying the alterations in the symmetry axis
of optical phonon modes within Mg;Sb, caused by tem-
perature changes and Li doping, our investigation delved
into comprehending the temperature-dependent evolution of
peak shifts and the full-width-half-maxima of these optical
phonon modes and their impact on lattice thermal con-
ductivity. Raman spectra were recorded from Mgs;Sb, and
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FIG. 4. [(a),(b)] The temperature-dependent Raman spectra of
Mg;Sb, and Mg, 955Lig,015Sb, sample plotted from 173 to 503 K. For
better visualization, the Raman spectra are plotted at 30 K interval.

Mg 985Li10.015Sb, within the temperature range 173-503 K,
at temperature intervals of 30 K, and are depicted in Figs. 4(a)
and 4(b). All the three optical phonon modes, namely Eé, Al .
and Raman forbidden IR modes were consistently observed
in both undoped and doped samples across the investigated
temperature range. At 173 K, the peak positions of Eé, A%g,
and Raman forbidden IR modes in undoped Mg;Sb, were
determined to be at 72.9, 120.3, and 150.4 cm™! respectively,
while for the Mg; 9gs5Lig 015Sb, sample, these modes appeared
at 70, 117.3, and 149.5 cm™!, respectively. Figures 4(a) and
4(b) illustrate that the Raman modes of both undoped and
Li-doped Mg3Sb, gradually shift towards lower wavenumbers
as the temperature increases from 173 to 503 K. This shift
indicates a reduction in the vibrational energy of the optical
phonons with rising temperature, likely due to an increase in
bond length (d1, d2, and d3) as shown in Fig. 1(f), subse-
quently weakening the bonds and necessitating less energy to
excite the optical phonon modes. A noteworthy observation
from the temperature-dependent Raman spectroscopy is the

variation in intensity, peak position, and full width at half-
maxima (FWHM) of these modes with temperature. While
the intensity of the Eé mode increases, the A}g, and Raman
forbidden IR modes display a decrease in intensity with rising
temperature. Additionally, the FWHM of all modes consis-
tently increases with temperature. This simultaneous decrease
in intensity of the A}g and IR modes and the increase in
FWHM of all modes at higher temperatures indicate phonon
decay or softening of the A} o> and Raman forbidden IR modes,
resulting in a more pronounced Eé mode at higher temper-

atures [19]. The decrease in intensity of Eé and A} o modes

in undoped and doped Mg3Sb, compared to the E; mode
might be attributed to the distinct thermal expansion of the
chemical bonds corresponding to Eé and A{g modes [30]. The

lower phonon energy of A! . and IR modes confirm the phonon
decay, suggesting a decrease in lattice thermal conductivity
with rising temperatures.

The temperature-dependent lattice thermal conductivity
can be better understood by examining the changes in peak
position and FWHM of the Raman modes with temperature
[31,32]. Previous studies show that the red shift of the Raman
peak position with temperature is due to the combined contri-
butions arising from the quasiharmonic volume expansion and
anharmonic phonon-phonon interaction, where as change in
FWHM is due to the anharmonic phonon-phonon interactions
only [31,33]: Accordingly, the temperature-dependent Raman
peak shift [w(T)] and FWHM [I'(T')] for our system can be
expressed as

2

3 n 3 ]’ 3)

Bl 1
+ [+ey—1 (e¥ —1)?

2 3 3
I(T)=T Cl1+ —— D1 .
(T)=To+ [+ﬂ_J+ [+w—1+w—n4

“

In Eq. (3), the second term Aw;(T)y is the peak shift
corresponding to quasiharmonic volume expansion. The third
term in Eq. (3) and second term in Eq. (4) correspond to
the contribution due to anharmonic three-phonon interactions,
whereas the last term in Egs. (3) and (4) represent the four-
phonon interactions. The contribution due to quasiharmonic
volume expansion to the frequency shift can be expressed by
the following equation [18,33]:

T
Awij(T)y = w(,|:exp<—y/. ﬂ(T)dT) — 1]. 5)
0

Here, y is the Griineisen parameter determined from the
experimental lattice thermal conductivity data of the sam-
ples. Here B(T) = (1/V)dV/dT is the volume expansion
coefficient and is calculated by fitting volume as a func-
tion of temperature as discussed in the literature [18,33,34].
In Eqgs. (3) and (4), the variables x and y are expressed
as x = gzﬂ“;’ and y = }%, where w, signifies the intrinsic
frequency of the opticaf phonon mode and I'y denotes the
peak widening attributed to disorder and boundary scatter-
ing. Notably, A, B, C, and D are recognized as anharmonic
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FIG. 5. Schematic showing (a) three phonon scattering and (b) four phonon scattering mechanisms. (c)—(e) represent the anharmonic con-
tributions due to three-phonon, volume expansion and four-phonon to the Raman peak shift, and three-phonon and four-phonon contributions

to the FWHM of Raman peaks in Mg;Sb, and Mg; 9g5Lig.015Sb,.

constants due to phonon-phonon coupling, with A, ¢, and
kg representing Planck’s constant, the speed of light, and
the Boltzmann constant, respectively. The estimation of
anharmonicity contribution due to thermal expansion, three-
phonon, and four-phonon scatterings is derived from the
fitting of temperature-dependent Raman peak shift using
Eq. (3) and are plotted in Figs. 5(c)-5(e). The three-phonon
and four-phonon anharmonic contribution are calculated from
the full width at half maximum (FWHM) employing Eq. (4),
and are plotted in Figs. 6(a)-6(c). The anharmonic contribu-
tion curves in Figs. 5 and 6 depict the best-fit lines along
with the recorded data points in the temperature span of 173
to 503 K for both undoped and Li-doped Mg;Sb, utilizing
Klemens’s model [16,35,36]. Since transverse and longitudi-
nal optical phonon modes possess different velocities, their
anharmonicity varies accordingly [21]. Anharmonicity serves
as a crucial mechanism responsible for the low lattice thermal
conductivity within a system. The anharmonicity calculated
from FWHM data using Eq. (4), confirms the prevalence
of the three-phonon process in both undoped and Li-doped
Mg;Sb, samples. This underscores the significant responsi-
bility of the three-phonon process for the anharmonic lattice
thermal conductivity in the Mg3;Sb, system. It is notable that
there is also a substantial contribution from four-phonon cou-

pling to the phonon anharmonicity of MgzSb,, whereas in
other layered systems like Bi, Tes, only three-phonon coupling
contributes to the phonon anharmonicity [20]. The estima-
tions of anharmonic contributions, depicted in Fig. 5 conclude
that volumetric quasi-anharmonicty, three-phonon and four-
phonon anharmonic coupling processes influence the phonon
anharmonicity in MgsSb,, resulting in higher anharmonicity.
A similar observation on four-phonon and volumetric con-
tributions to increased phonon anharmonicity is reported for
the SnSe single crystal, demonstrating ultralow lattice thermal
conductivity [33]. Reducing lattice thermal conductivity in a
thermoelectric system significantly contributes to enhancing
its thermoelectric efficiency [7,10,37].

As mentioned earlier, the reduced lattice thermal con-
ductivity in the Mgs;Sb, system can be realized through
its volumetric expansion and phonon anharmonicity. The
anharmonic coefficients () are signatures of phonon anhar-
monicity and can be estimated from Raman modes as well
as from heat capacity. It is known that the anharmonicity of
a lattice is the main cause for the shifting and broadening
of Raman peaks. The shifting of the peak position and the
increase in FWHM of the Raman modes with an increase in
temperature indicate more phonon anharmonicity in the lattice
at higher temperatures. As per quasiharmonic approximation
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FIG. 6. The anharmonic contributions due to three-phonon, volume expansion and four-phonon to the Raman peak shift, and three-phonon
and four-phonon contributions to the FWHM of Raman peaks in Mg;Sb, and Mg, gsLig 015Sb, are displayed in (a), (b) and (c).

(gh), the phonon frequency depends solely on volume, and
hence, the temperature-dependent lattice dynamics is approx-
imated by the harmonic normal modes Fg,, (T, V) with phonon
frequencies that are shifted due to the thermal expansion [38].
For strongly anharmonic crystals such as SnSe, it was shown
that the total free energy F(T, V) includes other contributions
arising from the three-phonon and four-phonon processes,
viz., F3(T, V) and F4(T, V) in addition to Fg, (T, V) in addi-
tion to the volumetric thermal expansion. In this context, we
have calculated the anharmonic constants by using the follow-
ing Helmbholtz free energy F(T, V) equation that includes all
the anharmonic terms [25,39,40],

F(T, V) = F¥(T, V) + F*""(T, V) = F?"(T, V)

+ F3(T, V) + F4(T, V) (6)

In this equation, the explicit anharmonic contribution
Fa" (T, V) is directly related to the higher order-crystal po-
tential energy, and hence, F2h (T, V) can be considered as a
perturbation term [39-41]. To calculate the anharmonic coef-
ficient ag from Raman modes, we have adapted the following

T () (2)

Here, we have estimated the Griineisen parameters y from
temperature dependent Raman spectroscopy data by using the

following equation [42]:
()

where ay represents the volumetric thermal expansion coeffi-
cient, wy is the harmonic frequency and AT is the temperature
difference, and % is the first-order temperature coefficient.
We have estimated the y value from Eq. (8) and calculated
the anharmonic coefficient ag. The values of y, and ag esti-

mated from Raman spectroscopy data are tabulated in Table II.

_ —3nk3

AV
R = _
R ET

Vv

Aa)j

wj

(N

AT ®

Similarly, the anharmonic coefficient from Cp measurements,
denoted as ac,, can be evaluated from the temperature de-
pendent Cp data. The value of measured Cp with temperature
is depicted in Fig. 7(a). For calculating the o, values, the
following equation is used [11,43,44]:

Cp =CY + CJ" + CY" + CFe ©)
where CB, C, Cah and Cefees respectively are the har-
monic, quasiharmonic, anharmonic, and defects contribution
to Cp [43]. The quasiharmonic contribution CSH can be

written as Co"' = By Va2 T, where By is the bulk modulus,
V is the molar volume, and «y is the volumetric thermal
expansion of the system. Similarly, Ci¢®* can be expressed
as [45] Cdefects — NkyeS/ks (E/kpT)?e®/*T. Here, AS and
E, respectively, are the formation entropy and formation en-
ergy due to point defects in the Mg3Sb;, lattice, mostly due
to Mg deficiency and dopant elements (Li). However, it was
reported that the value of CI¢ contribution to Cp is almost
negligible at room temperature and below [43]. Hence, three
important factors namely harmonic, quasiharmonic, and an-
harmonic contributions dominate the Cp of a polycrystalline
system. The anharmonic contribution C&™ can be written as
Canh — —T%(P3 + P,), where P3, and Py are the first-order
cubic and quartic terms of the free energy. Since, both the
terms are directly proportional to T2, hence for fitting the
experimental temperature dependent Cp data, one term will
be positive and another one will be negative. Therefore Eq. (9)
can be rewritten as
82

9T?
= Cy + BuVey T + 3nkpac, T + NkgeS/ks.,

Cp=Cy + BMVO{%,T —T (P3 +Py) + Cg/efects

(10)

The experimental C;, is fitted using Eq. (10) to estimate the
anharmonic term oc,. From the measured linear thermal co-
efficient values, the volumetric thermal expansion coefficient
(ay) can be estimated as ay = 3% linear thermal expansion
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and forbidden Raman modes for Mgz Sb, and Mg; 9g5Li¢ 015Sb, samples. (b) Experimen-

tally measured specific heat data along with the fitted curves of both samples. (c) Room-temperature Raman spectra collected at different laser
power for Mg;Sb,. (d) Room-temperature Raman spectra collected at different laser power for Mg, 9gsLig 015Sb,.

coefficient [11]. The calculated volumetric thermal expan-
sion coefficient values for MgsSb,, and Mg, g9g5Lig 015Sb, are
found to be 65.7 x 107°K~!, 65.8 x 107°K~!, respectively.
We have estimated the anharmonic coefficient a, for ac, for
Mg;Sb, and Mg 9g5Lig 015Sb, samples by taking the reported
bulk modulus values [46]. The values of o, for undoped
and Li-doped Mg;Sb, are found to be 1.016 x 104K,
and 1.019 x 107*K~!, respectively. The anharmonic con-
stants estimated from Raman spectroscopy as well as from
specific heat data are nearly equal to each other (refer to
Table III). However, as can be observed from Table I that the

ar value for Aig mode is higher than that for E;, and for-
bidden modes, that confirms that longitudinal phonon mode
contributes more anharmonicity in MgzSb,. The anharmonic
coefficient values are higher when lighter atom “Li” is doped
at the Mgl site. From the above observations, it can be con-
cluded that low lattice thermal conductivity in polycrystalline
Mg;Sb, is mostly due to its large phonon anharmonicity
associated with the different bond strength associated lat-
tice. The first term Cy in Eq. (10) is used to calculate the
Griineisen parameter (y) using the Cy = ¢« VByy relation
[47,48]. Table II summarizes the y values estimated from
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TABLE I. Calculated fitting parameters from the Raman spectra
of undoped and Li doped Mg;Sb, Samples in the temperature range
173-503 K.

TABLE III. The estimated values of power coefficient (%) and
lattice thermal conductivity (kjayice) Of Mg3Sb, and Mg, 95110 01 Sb,
samples.

Sample E, peak A}, peak */IR peak
Mg;Sb, 0, =755  w,=122.193 @, = 15338
A =-025 A=-026 A=-022
B=-0.005 B=-0.004 B=-0.007
C=0.17 C=0.26 C=0.21
D = 0.007 D = 0.009 D = 0.008
Mg2_985Li()_015Sb2 w, = 72.16 w, = 121.57 w, = 152.27
A=-024 A=-029 A=-023
B=-0.004 B=-0.002 B = 0.003
C=0.19 C=0.28 C=0.23
D = 0.0086 D =0.012 D =0.010

Raman spectroscopy, and specific heat data. It can be clearly
observed from Table II that the value of y is slightly higher
in Mgy 985Lig 015Sby sample compared to undoped Mg;Sb;.
It concludes that even if Li is lighter than Mg, still Li dop-
ing at the Mg site helps to introduce more anharmonicity in
Mg;Sb, lattice, which might help to lower the lattice ther-
mal conductivity in Li-doped Mg3;Sb, compared to that of
undoped Mg3Sb,.

Next, we proceed to calculate the phonon lifetime, which is
a signature of phonon propagation in a material, using energy-
time uncertainty relation % = %, where 7 is the phonon
lifetime, I is the experimentally measured FWHM in cm~ !,
and A = h/2r = 5.3 x 1072 cm~!s [49,50]. The 7 is calcu-
lated in the temperature range 173-503 K and is visualized
in Fig. 7(b). It can be clearly observed that the phonon
lifetime of all-optical phonon modes decreases with increased
temperature. The shorter phonon lifetime is a signature of
phonon decay and hence low lattice thermal conductivity is
expected in undoped and Li-doped Mg3;Sb, at higher temper-
atures. It can be perceived from Fig. 7(b) that, below 300 K,
phonon lifetime of the forbidden mode is much higher than
Eé and A% modes, which confirms dominance of forbidden
mode for thermal transport in Mg3;Sb, at low temperature.
Above 300 K, phonon lifetime of forbidden and A} o modes

Parameters Mg3Sby - Mg 95Lio.015Sb2
A
(A—‘;)Eé 192 -1.58
A
(4%)., 160 198
lg
Aw
Lo -1.39 -1.83
(AP )*/m
Klattice (€stimated from Raman spectroscopy) 1.34 1.18
Klattice (from LFA measurement) 1.23 L.11

decreases at a higher rate than that of Eé mode. The steady
fall in phonon lifetime envisages the increase in phonon an-
harmonicity and decrease in kjgice in the Mgz Sb, at higher
temperatures. Above 400 K, the phonon lifetime of the trans-
verse modes is found to be almost same, and longitudinal
mode is having lowest phonon lifetime for both the samples
[a dotted region in Fig. 7(b)]. Hence, it can be stated that in
the case of polycrystalline MgsSb,, softening of longitudinal
phonon mode is mostly responsible for the reduction in lattice
thermal conductivity. From Figs. 5, 6, and 7(b), it might be
confirmed that the large anharmonicity and low lattice ther-
mal conductivity in Mg3;Sb, is mostly associated with the
anharmonicity related to the Raman modes. To compare the
experimentally measured lattice thermal thermal conductiv-
ity with the estimated values from Raman spectroscopy, the
lattice thermal conductivity of Mgz Sb, and Mg; 9g5Li0 0155b2
samples are calculated from the power- and temperature-
dependent Raman modes. The fact that the Raman peak shift
is associated with the thermal energy driven atoms/lattice
vibrations, lattice thermal conductivity (kjuice) can be pre-
cisely evaluated from the radial heat flow according to the
equation [51]

Aw

AT
r—a e 11
4mras (n

In Eq. (11), P is laser power, and r is radius of the objec-
tive aperture used in Raman spectroscopy measurements. The

Klattice =

TABLE II. The estimated values of Griineisen parameter () and anharmonic constant (cg ), of Mgz Sb, and Mg, g5Lig o1 Sb, samples and

comparison with reported values available in the literature.

Parameters Mg;Sb, Mg; 985Li0.015Sbs Comparison

y (from LFA) 1.93 2.12 1.83-2.6 [21,57]
y (from Raman data) 1.49 1.53 1.83-2.6 [21,57]

y (from C,) 1.61 1.63 1.83-2.6 [21,57]
agr(107*K™) 3.75(rmE;) 3.93(E,) 5.1 (SnSe) [33]
ar(1074 K1) 4.3(A}g) 4.5(A]1g) 5.1 (SnSe) [33]
ar (1074 K1 2.5(%/IR) 2.83(x/IR) 5.1 (SnSe) [33]
o:CP(IO‘4 K" 1.016 1.019 1.5 (SnSe) [33]

a, (1076 K1) 65.7 65.8 66.9 [11], 59.1 (PbTe) [58]
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numerator term % is the temperature coefficient, while the
Aw

term 77 in the denominator is the power coefficient. We
have used a 50X objective lens for both temperature and
power-dependent Raman measurements, which corresponds
to the r value of ~3 um. The value of % can be derived
from the temperature-dependent Raman peak position. The
shift in Raman peaks with an increase in temperature is
analyzed using the equation [52]: o(T) = wo + o T + o, T2,
where o and o, respectively are the first- and second-order
temperature coefficients of the Raman modes, and wy is the
harmonic frequency. The % term is estimated from the shift
in Raman peak position due to an increase in incident laser
power. The room-temperature power-dependent Raman spec-
tra for undoped and doped MgsSb, samples are obtained at
a different laser power of 0.093, 0.515, 1.88, and 3.38 mW,
and is depicted in Fig. 7(b). It is observed from Fig. 7(b)
that the Raman peak shifts towards a lower frequency region
when laser power is increased. The shifting of the Raman
peaks with an increase in laser power is analyzed by the
equation [53,54]

Aw = wP, — wPy = xp(P, — P1) = xpAP, (12)

where w is the Raman peak shift at different laser power,
and yp represents the first-order power-dependent coefficient.
To obtain power coefficient values, the power-dependent Ra-
man peak shift for Mgz Sb, and Mg, 9g5Lig.015Sb, samples are
fitted with a linear function as per Eq. (12). The estimated
power coefficient values for all Raman modes are tabulated
in Table III. The lattice thermal conductivity of Mg3;Sb, and
Mg» 985L10.0155b, samples are evaluated using Eq. (11) and
is tabulated in Table III. We have also estimated the y val-
ues from experimental lattice thermal conductivity data [6].
From the overall observation, it can be inferred that low lat-
tice thermal conductivity observed in polycrystralline Mg3;Sb,
does not follow the common mass law, kugice X M~!, and is
entirely due to large phonon anharmonicity associated with
the longitudinal and transverse phonon modes of the Mg;Sb,
lattice. The room-temperature lattice thermal conductivity
values estimated from Raman spectroscopy data is found to
be in good agreement with experimentally measured values.
It can be noticed that the obtained lattice thermal conductivity
values ~1.34 and 1.18 W/mK at 300 K for MgsSb, and
Mg> 985Li0.015Sb, samples are very low and nearly equal to
that of the other heavy thermoelectric systems like SnSe and
PbTe. It is to be noted that the lattice thermal conductiv-
ity value at 300 K for SnSe, PbTe, and Bi,Te; TE system
are ~0.76 W/mK in parallel direction (1.2 W/mK in trans-
verse direction), 2.4 W/mK, and 1.38 W/mK, respectively
[32,55,56]. From the optical phonon studies, it can be con-
cluded that both three-phonon and four-phonon scattering
help to enhance the phonon anharmonicity, which leads to
the reduction in lattice thermal conductivity of lightweight
Mg;Sb, thermoelectric system.

IV. SUMMARY

A comprehensive investigation employing temperature-
dependent Raman spectroscopy was conducted to unravel the

large phonon anharmonicity and low lattice thermal conduc-
tivity in both undoped and Li-doped Mg;Sb,. By utilizing
temperature-dependent Raman spectroscopy in tandem with
experimental heat capacity data, the phonon anharmonicity
in polycrystalline Mgz Sb, was thoroughly assessed. By com-
paring the Raman modes of undoped Li-doped Mg;Sb, with
that from Sb powder, it was revealed that three Raman modes
observed in Mg;Sb, are indeed from the MgsSb, lattice.
Further analysis revealed a softening trend in the Raman
modes at elevated temperatures, denoting an augmented level
of phonon anharmonicity in light-weight Mg3;Sb,. Notably,
it was observed that the A}g phonon mode contributed more
to the phonon anharmonicity compared to the other two
phonon modes. Polarized Raman spectroscopy data unveiled a
twofold lattice symmetry, confirming the anisotropic nature of
Mg3Sb,. This anisotropy remained apparent at lower temper-
atures in both undoped and Li-doped Mg;Sb,. Interestingly,
in undoped Mg3Sb,, the lattice symmetry axis was consistent
across all the phonon modes. In contrast, the symmetry axis
of all the optical phonon modes varied in Li-doped Mg;Sb,
indicating the tailored symmetry axis in Mgz Sb, through dop-
ing. This alteration might contribute to the higher phonon
anharmonicity observed in Li-doped Mg3;Sb,. The concur-
rent decrease in phonon lifetime with rising temperatures
indicated a phonon decay and a reduction in lattice ther-
mal conductivity at elevated temperatures. The anharmonic
contributions estimated from the temperature-dependent Ra-
man modes corroborate the presence of quasi-anharmonic
volume expansion along with three-phonon and four-phonon
scatterings. The lattice thermal conductivity assessed from
the optical phonon modes and specific heat aligned closely
with the experimentally measured values, substantiating the
applicability of Raman spectroscopy in estimating the lattice
thermal conductivity of undoped and doped Mg;Sb,. The
findings substantially contribute to the understanding of the
pronounced phonon anharmonicity in lightweight Mg;Sb,
system, which is mainly due to the contribution from the
three-phonon and four-phonon scattering mechanisms as well
as quasiharmonic volume expansion, Overall, the observed
low lattice thermal conductivity in the lightweight Mg;Sb,
thermoelectric system challenges the common mass law of
lattice thermal conductivity, Kjice  M™! and is closely
linked to the substantial phonon anharmonicity associated
with the Mgz Sb; lattice due to thermal expansion and phonon-
phonon anharmonicity.
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