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Thermoelectric (TE) coolers show considerable promise for replacing aging refrigeration devices, which
suffer from the poor low-temperature performance of most TE materials due to the small entropy of carriers
and weak lattice vibrational anharmonicity. Here we propose that two-dimensional (2D) semiconduc-
tors with multiple bonding layers can be potential TE cooling materials, and the 2D AMnX (4 = Sr, Ba;
X =Sn, Pb) family is identified as an example. Owing to the d-orbital inversion of the Mn element, both
the valence and conduction bands possess continuously square-shaped band edges with slight energy
divergence, which trigger high mobility and sharply enhanced density of states near the Fermi level,
thereby producing large power factors for both p- and n- type materials. Moreover, the coexistence of
soft covalent bonds and ionic layers lowers phonon group velocity and strengthens phonon scattering,
resulting in extremely low lattice thermal conductivity. At optimal carrier concentrations, both p- and
n-type StMnPb quintuple layers can reach ultrahigh room-temperature ZT above 2.0, with excellent aver-
age ZT beyond 1.8 from 150 to 350 K. This work not only proposes a tellurium-free alternative for TE
refrigeration, but also provides general indicators for guiding the search for high-performance TE cooling

materials.
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I. INTRODUCTION

Current refrigeration devices account for around 20%
of global electricity consumption and the adopted refrig-
erants usually contain extremely potent greenhouse gases
[1,2], thus there are urgent demands for the develop-
ment of advanced cooling technologies. Thermoelectric
(TE) cooling devices, capable of solid-state refrigeration
based on the Peltier effect, are among the most promis-
ing alternatives owing to the advantages of environmental
friendliness, reliability, compactness, silence, and precise
temperature control [3—5]. The cooling efficiency of a
TE device largely relies on the performance of the mate-
rial used, which is governed by the dimensionless figure
of merit ZT = S?0 T/k (S, Seebeck coefficient; o, electri-
cal conductivity; 7, absolute temperature; «, total ther-
mal conductivity consisting of electronic k., and phonon
k; counterparts). In contrast to the significant progress
made in medium-to-high temperature TE materials [6—10],
fewer investigations have focused on improving the low-
temperature TE performance of materials for refrigeration.
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To date, Bi,Tes-based alloys developed in the 1950s are
still the best room-temperature TE materials [11], although
the scarcity of tellurium restricts their wide-scale applica-
tion. It is thus essential to develop tellurium-free candi-
dates with excellent TE performance near and below room
temperature.

TE materials usually exhibit relatively poor perfor-
mance below room temperature, for two reasons: (i) low
S due to the small entropy of carriers; (ii) high «; because
of weak lattice vibrational scattering. Hicks and Dres-
selhaus [12] proposed that the quantum size effect in
low-dimensional systems could yield a remarkable change
in the density of states (DOS) and thereby significantly
improve the S [13]. Indeed, many two-dimensional (2D)
semiconductors were predicted to hold promising TE per-
formance [14—16], and some of them have been synthe-
sized experimentally, such as monolayer transition metal
sulfides [17] and SnSe nanosheets [18]. However, until
now, the study of 2D materials for TE refrigeration has
been rare because of the high «; at low temperature. It has
been recognized that 2D films with multiple bonding lay-
ers can yield all-scale phonon scattering, resulting in low
k; even below room temperature. For instance, k; is dra-
matically suppressed in Bi,Tes;/Sb,Te; superlattice film
by the acoustic mismatch between the two components,
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giving rise to a high ZT of 2.4 at 300 K [19]. The intercala-
tion of the Bi monolayer in Bi, Tes-based films can import
localized vibrations to scatter all-scale phonons, which
greatly lowers the «; and improves the TE performance
near room temperature [14]. In this case, searching for Te-
free 2D semiconductors with multiple bonding layers is
highly desired for TE refrigeration.

Based on this screening principle, the low-temperature
(150350 K) TE properties of 2D AMnX (A4 = Sr,Ba;
X = Sn, Pb) quintuple layers (QLs) are studied using first-
principles calculations. This new class of 2D compounds
has recently been predicted to be magnetic topological
insulators with multiple bonding layers in primitive cells
[20]. Owing to the spin-orbital-coupling- (SOC) induced
Mn d band inversion, AMnX QLs show square-shaped
band edges for both valence and conduction bands. Such
distinctive topological electronic structures promote car-
rier mobility and sharply enhance the DOS around band
edges, giving rise to an extraordinary power factor (S?0)
in all the compounds. In addition, it is found that the intrin-
sic lattice thermal conductivity of SrMnPb is extremely
low due to low phonon group velocity and strong phonon
scattering, which stem from the large lattice vibrational
anharmonicity provoked by the coexistence of weak cova-
lent and ionic bonds. Consequently, a high average figure
of merit (ZT,y.) approaching 2.0 is found in both p- and
n-type StMnPb, which is superior to those of typical low-
temperature TE materials. Combined with good flexibility,
the 2D SrMnPb QL can be a promising candidate for
application in TE refrigeration in electronic and wearable
devices.

II. COMPUTATIONAL DETAILS

The electronic properties of AMnX QLs were calcu-
lated based on density functional theory (DFT) [21], as
implemented in the Vienna ab initio simulation pack-
age [22]. The exchange correlation potential of Perdew,
Burke, and Ernzerhof (PBE) within the generalized gra-
dient approximation (GGA) was adopted [23,24]. The
projector-augmented-wave method and SOC were consid-
ered in the calculation. The QL structure was modeled
by adopting a vacuum distance of 25 A to eliminate the
periodic images. A 30 x 30 x 1 k-point grid was used for
Brillouin zone (BZ) sampling. The residual force of the
calculated cell was set to 0.01 eV A~! and the energy con-
vergence threshold was 10—’ eV. Meanwhile, the cutoff
energy of 500 eV was adopted. The GGA + U method was
chosen to describe the localized d orbitals of Mn, in which
the U was used to descirbe the Coulomb interaction among
electrons living in the localized orbitals [25-28]. U=3 eV
was finally adopted since the calculated lattice parame-
ters of bulk SrMnSn exhibited good agreement with those
reported in experimental work [29], and this value has also
been adopted for the Mn atom in many other theoretical

works [30,31]. The crystal orbital Hamiltonian population
(COHP) was calculated using the LOBSTER code.

The electronic transport properties can be calculated
by solving the Boltzmann transport equations within the
rigid-band model and relaxation-time (7r) approximation,
as implemented in the BOLTZTRAP code [32]. Boltzmann
transport theory combined with deformation-potential the-
ory has been successfully utilized to predict the electronic
transport properties of some 2D materials [33—35]. The
electrical conductivity, Seebeck coefficient, and electronic
thermal conductivity can be given by
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where w is chemical potential, e is electron charge, f is
Fermi-Dirac distribution function of carriers, and ) _(¢) is
the transport distribution function and defined as
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Here v is electronic group velocity. The temperature-
dependent relaxation time 7 was given by deformation-
potential theory [36] considering the dominance of acous-
tic phonon scattering,
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The parameters h, Cp, kg, m", and E are Planck’s con-
stant, the 2D modulus of elasticity, Boltzmann constant,
the effective mass, and the deformation-potential constant,
respectively. For the AMnX QL with noncentrosymmetric
lattice, the polar optical phonon scattering was also con-
sidered [37,38]. Our calculated results imply that the polar
optical phonon—induced average carrier scattering rate is
nearly 2 orders of magnitude lower than that dominated
by acoustic phonons. Therefore, the polar optical phonon
scattering can be ignored for the estimation of carrier relax-
ation time of the AMnX QL. Besides, the calculated band
structures and electronic transport properties were also
checked using the NANODCAL code [39].
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The lattice thermal conductivity was calculated by solv-
ing phonon Boltzmann transport equation [40],

K1 (hey)*vitm(ny + 1), (6)

1

N, VkgT? ;
where N, is number of ¢ points in the first Brillouin
zone, w, is frequency of phonon mode, v, is the group
velocity of the phonon mode, and 7, is phonon lifetime.
Based on a 3 x 3 x 1 supercell, the second- and third-order
interatomic force constants were given by the PHONOPY
package and THIRDORDER.PY script, respectively [41]. A
cutoff radius of 0.6 nm was adopted. The lattice thermal
conductivity was calculated using the SHENGBTE package
[42], and a 51 x 51 x 1 ¢ mesh was adopted for con-
vergent results (see Fig. S1 for convergence test in the
Supplemental Material [28]).

III. RESULTS AND DISCUSSION

A. Crystal structure

Figure 1(a) plots the QL structure stacked along the z
axis of bulk AMnX, which crystallizes in a tetragonal lat-
tice with space group P4/nmm and has already been exper-
imentally synthesized [29]. Owing to the small interlayer
binding energy [20], AMnX QLs can be easily exfoliated
from their layered bulk counterparts, with the side view,
top view, and 2D BZ shown in Figs. 1(b)-1(d), respec-
tively. The calculated magnetic moments on each Mn atom
in the middle of the QL are about 5up, resulting in intrinsic
antiferromagnetic (AFM) states for AMnX QLs. The AFM
configuration remains the lowest energy in all the AMnX
QLs (see Table S1 in the Supplemental Material [28]). The
Néel temperatures of SrMnPb, SrMnSn, BaMnPb, and
BaMnSn are predicted to be 340, 290, 260, and 210 K,
respectively [20]. The optimized lattice constants are in
good agreement with those reported in previous work [20].

M

FIG. 1. (a) Crystal structure of bulk AMnX (b) The side view,
(c) top view, and (d) 2D BZ of AMnX QL.

It is found that the outer-layer alkaline-earth-metal ions are
weakly related to the Mn-X layers. In the StMnPb QL, the
Sr—Pb bond length is 3.462 A, which is larger than that
of the Mn—Pb bond (2.742 A), indicating that the S—Pb
bond is relatively weak, thus facilitating low lattice thermal
conductivity.

To deeply understand the bond properties, the calcu-
lated DOS and COHP of the SrMnPb QL are given
in Fig. 2(a). The inset illustrations reflect the COHPs
of Mn—Pb, Pb—Sr, and Mn—Sr bonding interactions
around an energy range of —10 to 5 eV. To be clear, it
should be noted that currently LOBSTER cannot handle the
wave function of the SOC, so Fig. 2(a) shows the result
without considering SOC. As shown in Fig. S2 in the Sup-
plemental Material [28], the DOS below and above the
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FIG. 2. (a) Calculated density of states (DOS) and crystal orbital Hamilton population (COHP) projected on Mn—Pb, Pb—Sr, and
Mn—Sr bonds. (b) Electronic localization function (ELF) of StMnPb. The ELF value of the isosurface is 0.6. (¢) The 2D display of
electrostatic potential along the (010) plane of SrMnPb.
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(a) Orbital decomposed band structures of StMnPb. The black, green, and orange balls represent the d orbital of the Sr atom,

the d orbital of the Mn atom, and the p orbital of the Pb atom, respectively. The 3D morphology of the (b) valence band and (c)

conduction band in momentum space.

Fermi level are mainly contributed by Pb p orbitals and
Mn d orbitals, respectively. The DOS of SrMnPb shows
a small sharp peak around the Fermi level, and the varia-
tion trend of DOS is basically consistent with the COHP.
COHPs are essentially pairwise contributions to an effec-
tive one-particle energy, while their integral up to the
Fermi level is a measure of the bond strength [43]. In
order to understand the bonding strength, the integration
of orbital Hamilton populations (-ICOHP) was calculated,
and the -ICOHP of Mn—Pb, Sr—Pb, and Mn—Sr bonds
were found to be 0.83, 0.47, and 0.09 eV, respectively.
In terms of bond strength, obviously Mn—Pb bonds are
the strongest and most stable, followed by Sr—Pb bonds,
and Mn—Sr bonds are the weakest and almost negligi-
ble. Both the Mn—Pb and Sr—Pb bonds exhibit relatively
low —ICOHP (<1 eV) [44] and antibonding states below
the Fermi level, indicating the weak interactions and thus
strong lattice anharmonicity. To further figure out the
bonding situation in SrMnPb, we calculated its electronic
localization function (ELF) with values ranging from 0 to
1. ELF =0 and ELF =1 correspond to perfect localization
and total delocalization, respectively, and ELF =0.5 cor-
responds to the electron gas. Figures 2(b) and 2(c) show
the three-dimensional (3D) and projected 2D [in the (010)
plane] ELF of the SrMnPb QL at 0 GPa, respectively. In
Fig. 3(b), the water-drop ELF surrounds Pb atoms, and
a spherical ELF surrounds Sr atoms. The strong electron
localization also reflects the weakened bonding nature.
Specifically, in Fig. 3(c), the ELF values are close to 1
around Pb and Sr sites but assumed to be negligible sur-
rounding Mn sites, showing a covalent feature of Mn—Pb
bonding and an ionic feature of St—PDb bonding [45,46].

B. Electronic structure

Given the AFM ground state, the electronic band struc-
tures of AMnX QLs were calculated by DFT + PBE + U,
with the results of SrMnPb shown in Fig. 3(a). In the
absence of SOC, the band structures are gapless at the I'
point and behave like metal, as shown in Fig. S3 in the

Supplemental Material [28]. When considering SOC, a d-
d band inversion contributed by Mn atoms occurs at the
I point, opening a band gap of 186 meV as displayed in
Fig. 3(a), which confirms the magnetic topological phase.
The narrow band gap close to that of Bi, Te; implies better
TE performance at low-temperature. Figures 3(b) and 3(c)
show the 3D morphology of the valence band and con-
duction band in momentum space, respectively. Induced
by d-d band inversion, both the valence and conduction
bands possess a significant feature of saddle-like disper-
sions, which simply seem to be two band extremes along
the I'-X and I'-M directions. From a 3D perspective, the
successive band edges are found to form a square-shaped
ring with the energy deviation lower than 0.1 eV for both
the valence and conduction bands. Such a distinctive band
feature is favorable for electrical performance for two rea-
sons: (i) the localized d orbital and 2D crystal character
lead to continuous band edges with a narrow energy win-
dow near the Fermi level, which provides a sharp increase
in DOS for high Seebeck coefficient; (ii)) SOC-induced
topological band inversion triggers energy fluctuation near
band edges, leading to small effective mass (about 0.4 m,
for valence band maximum (VBM) and conduction band
minimum (CBM) in the StMnPb QL) guaranteeing high
carrier mobility. Note that a similar case is observed in all
AMnX QLs, which implies large power factors for both p-
and n-type materials in this family.

C. Transport properties

Figure 4 plots the S, o, and S?c of p- and n-type
SrMnPb QLs with respect to the carrier concentration in
the temperature range of 150 to 350 K. At each tem-
perature, S decreases and o increases with the rising
carrier concentration at relatively high doping levels, lead-
ing to an optimal value for a peak power factor. For
both p- and n-type StMnPb QLs, the Seebeck coefficients
at optimal carrier concentrations are above 200 V K~!
in the investigated temperature region, benefiting from
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(a) Seebeck coefficient, (b) conductivity, and (c) power factor as a function of carrier concentration for p-type StMnPb QL.

(d) Seebeck coefficient, (e) conductivity, and (f) power factor as a function of carrier concentration for n-type StMnPb QL. The insets
in (b),(e) are the p- and n-type electronic thermal conductivity, respectively.

the strong energy-dependent DOS produced by succes-
sive band edges. Figures 4(b) and 4(e) depict the p- and
n-type o, respectively, with the corresponding electronic
thermal conductivity (k,= Lo T, where L is the Lorentz
constant) plotted in the insets. The room-temperature o
exceeds 10° S m~! at the carrier concentration of around
10"* ¢cm™2, which stems from the high mobility above
400 cm? V~! s7! governed by small effective mass and
weak electron-phonon coupling (Epp) as listed in Table 1.
Accordingly, the StMnPb QL exhibits high power factors
as shown in Figs. 4(c) and 4(f). At the optimal carrier

TABLE 1. Lattice parameters a and ¢, band gap E,,
deformation-potential constant Epp, effective mass m", relax-
ation time 7, and mobility x4 of AMnX materials. Here the ¢
parameter means the height of the quintuple layer in the unit cell
for each 2D AMnX system.

SrMnPb SrMnSn BaMnPb BaMnSn

a(A) 471 4.62 4.89 4.82
c(A) 5.19 5.24 5.41 5.46
E, (meV) 186 76.4 492 29.3
Epp (eV) p-type —6.74 —4.91 —5.68 —4.72
n-type —547 —581 =565 —4.49
m* (me) p-type  0.42 0.28 0.14 0.11
n-type  0.40 0.25 0.10 0.10
T (ps) p-type  0.10 0.33 0.42 0.83
n-type  0.17 0.26 0.59 0.93
1 (10> cm?>  p-type  0.42 2.10 5.13 13.24
vlsT
n-type  0.73 1.83 10.07 15.02

concentrations, both the p- and n-type room-temperature
values reach 6 mW m~' K~!, much larger than those
reported in SnSe- and Bi, Te;-based 2D systems [47—53],
suggesting an excellent TE conversion capability.

The extraordinary power factor originating from the
warped topological band structures can be expanded to
other AMnX QLs, which all hold AFM states and have
been predicted to be magnetic topological insulators with
narrow band gap below 0.2 eV as listed in Table I [20]. As
can be seen from Figs. S6—S8 in the Supplemental Mate-
rial [28], their electronic transport properties exhibit trends
similar to those of the SrMnPb QL. It was found that all
the AMnX QLs possess large and comparable power fac-
tors. In particular, BaMnSn QLs have the lowest effective
mass and thereby the highest carrier mobility. This leads
to a peak p-type power factor above 40 mW m~! K2 at
150 K, implying its great low-temperature TE potential.

D. Phonon properties

Figure 5(a) illustrates the phonon dispersions and par-
tial phonon DOS (PDOS) of the StMnPb QL. There are six
atoms in a primitive cell resulting in 18 phonon branches,
which all have positive frequencies in the BZ, indicat-
ing good dynamic stability of the single QL. The acoustic
phonons with frequency below 1.5 THz, which usually
dominate the lattice thermal transport in a solid, are mainly
contributed by Pb and Mn atoms. This is consistent with
the fact the Sr cations are weakly bonded with Mn-Pb
layers and thereby make minor contributions to phonon
heat transport. Owing to the bunched acoustic branches
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in the vicinity of the BZ center, low-frequency phonons
(<0.5 THz) were found to have small three-phonon scat-
tering rates as shown in Fig. 5(b). With elevated frequency,
the scattering rates of acoustic phonons are profoundly
intensified because of the interactions with low-frequency
optical phonons, suggesting the possibility of low «;. The
large phonon scattering in the StMnPb QL is attributed
to its strong lattice vibrational anharmonicity as quantified
by the Griineisen parameter in Fig. S9 in the Supplemen-
tal Material [28]. The values of the Griineisen parameter
for acoustic phonons can reach 20 in the low-frequency
region, which is caused by the intense lattice vibrations
of Mn atoms as shown in Fig. S10 in the Supplemental
Material [28]. This is caused by the low atomic mass of
Mn and weak bonding strength of Mn—~Pb bonds reflected
by the ELF calculations. For the high-frequency phonons
(>1.5 THz) that are dominated by Sr and Pb atoms, the
scattering rates are profoundly enhanced, which should be
attributed to the isolated Sr atoms acting as rattlers to sup-
press the phonon transport. Therefore, the large phonon
scattering in the StMnPb QL originates from the coexis-
tence of weak covalent and ionic bonds that induce strong
anharmonicity for both low- and high-frequency phonons.

Another important feature in the phonon dispersions
of SrMnPb QL is the low cutoff frequency of acoustic
phonons, which implies small phonon group velocities. As
plotted in Fig. 5(c), almost all the heat-carrying acous-
tic phonons have group velocities less than 2000 m s~!,
which are similar to the cases in typical TE materials

with intrinsically low thermal conductivity [54-56] and
suggest the weak Mn—Pb bonding feature. Other high-
frequency modes show lower group velocities owing to
their weaker dispersions, which thereby have minor con-
tributions to the heat transport. Indeed, it is seen from the
inset of Fig. 5(d) that more than 70% of «; is contributed
by low-frequency phonons (<1 THz). Given the strong
anharmonic scattering and low phonon group velocity, the
SrMnPb QL exhibits ultralow «; as presented in Fig. 5(d).
By renormalizing the value to compare with those of bulk
systems, it can be seen that the room-temperature «; of
1.3 W m™! K™ is lower than that of Bi,Te; [47,57]. Even
at 150 K, the «; is still as low as 2.6 W m~! K~!, making
the SrMnPb QL stand out among many other 2D materials
for low-temperature TE applications.

E. High ZT values

With all the electronic and phonon transport coefficients
available, the ZT values of the SrtMnPb QL could be evalu-
ated as presented in Fig. 6. For both p- and n-type systems,
the highest ZT values were attained at 300 K, with the val-
ues of 2.3 and 2.0, respectively. The optimized hole and
electron concentrations of StMnPb QL were 2 x 10'? cm™
and 3 x 10'2 cm2, respectively. Considering K and Bi as
dopants, we found that StMnPb QL with stoichiometry of
Sr0,9975K0,0025MnPb and SI'MIle()_9955 Bi0'0045 could realize
the optimal hole and electron concentration, respectively.
The room-temperature ZT' of the StMnPb QL is much
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FIG. 6. Figure of merit ZT as a function of carrier concentration for (a) p- and (b) n-type SrMnPb at 150-350 K.

higher than those of current low-temperature TE materials
[19,58—61]. More importantly, the ZT values exceed 1.2
in the whole temperature region, giving rise to similar and
ultrahigh p- and n-type ZT,ye (150350 K) of 2.0 and 1.8,
respectively, which are very desirable for fabrication of
TE modules with comparable performance. In addition,
considering its lower Young’s modulus (around 50 GPa,
as shown in Table S2 in the Supplemental Material [28])
compared to those of MoS; [62] and graphene [63], 2D
SrMnPb may be a favorable candidate for TE refrigeration
in microelectronics and wearable devices.

IV. CONCLUSION

In summary, we theoretically uncover the excellent low-
temperature TE performance of 2D SrMnPb QL, which
shows simultaneously high p- and n-type ZT,y. approach-
ing 2.0 (150-350 K) owing to ultralow «; and large power
factors. The ultralow «; originates from the low phonon
group velocity and strong lattice vibrational anharmonic-
ity induced by the coexistence of weak covalent and ionic
bonds. The large power factors are primarily ascribed
to the topological electronic structures with continuous
square-like band edges that provoke steeply increased
DOS and high carrier mobility. These findings have been
extended to other AMnX systems with similar band fea-
tures, offering an indicator in the discovery of advanced
TE materials for refrigeration technologies.
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