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M AT E R I A L S  S C I E N C E

Atomic to nanoscale chemical fluctuations: The catalyst 
for enhanced thermoelectric performance in 
high-entropy materials
Jingyi Wang1†, Haotian Gao1†, Kunpeng Zhao1,2*, Hexige Wuliji3, Binru Zhao4, Jie Ma4,  
Xingyu Chen5, Jiawei Zhang5, Yanping Sui6, Tian-Ran Wei1,2, Min Zhu6,7*, Xun Shi1,5*

High-entropy materials have expanded the frontier for discovering uncharted physicochemical properties. 
The phenomenon of chemical fluctuation is ubiquitous in high-entropy materials, yet its role in the thermo-
electric field is often overlooked. Herein, we designed and synthesized a series of (Mg0.94−nYb0.26Sr0.26Znm)
(MgnCd0.69Zn0.69−mNax)(Sb1.74Ca0.26) samples characterized by ultrahigh configurational entropy. These samples 
exhibit a homogeneous single-phase structure at macroscopic and microscopic scales, yet display notable chemi-
cal fluctuations at the atomic to nanoscale. These fluctuations, along with the unusual atomic occupations, lead to 
an exceptionally low lattice thermal conductivity akin to that of amorphous materials. Combining the optimized 
carrier concentration and well-maintained carrier mobility, we ultimately achieved a high zT value of 1.2 at 750 
kelvin, outperforming most previously reported AB2Sb2-type Zintls. This study underscores that the atomic to 
nanoscale chemical fluctuations are the crucial catalyst for the enhanced thermoelectric performance in high-
entropy materials.

INTRODUCTION
Confronted with the escalating challenges of depleting natural re-
sources and the suboptimal efficiencies of traditional energy conver-
sion systems, the need for more sustainable energy solutions has 
become increasingly urgent. Thermoelectric (TE) technology, which 
is capable of efficiently converting waste heat into electrical energy, 
emerges as a pivotal solution for its various benefits including envi-
ronmental sustainability, high reliability, and remarkable versatility 
(1–4). The energy conversion efficiency of a TE material is primarily 
measured by the dimensionless figure of merit, where α, σ, κ, and T 
denote the Seebeck coefficient, electrical conductivity, thermal con-
ductivity, and absolute temperature, respectively. Achieving an opti-
mal zT value necessitates a delicate balance: a high α to maximize 
voltage output, a large σ to promote electron transport, and a mini-
mized κ to preserve temperature gradient. Over the past several de-
cades, large strides have been made in the field of TE materials, with 
considerable efforts directed toward the decoupling of electrical and 
thermal transports. This has been achieved through a variety of so-
phisticated strategies, such as energy band shaping (5–7), phonon 
softening (8,  9), hierarchical architecture (10,  11), and structural 
modularization (12).

High-entropy engineering has recently emerged as a strategic ap-
proach for decoupling the electrical and thermal transport proper-
ties (13, 14). Defined by a composition of five or more principal 
elements (15), high-entropy materials exhibit a remarkable degree 
of structural intricacy that is pivotal to their exceptional physical 
properties. A range of TE systems, such as Mg2−δ(Si, Ge, Sn, Bi) 
(16), (Cu/Ag)2(S/Se/Te) (17–20), (Ag/Mn/Ge/Sb)Te (21), and (Pb/
Sb/Sn)(S/Se/Te) (22–24), has been identified and demonstrated out-
standing TE performance. The profound chemical complexity in-
herent in high-entropy materials exerts a large impact on the atomic 
structure and microstructure. On one hand, the high configuration-
al entropy is conducive to the stabilization of single-phase solid so-
lutions (16, 24). On the other hand, the intricate balance of attractive 
and repulsive interactions among the constituent elements may give 
rise to deviations from ideal mixing (25, 26), resulting in phenome-
na such as chemical fluctuation, chemical ordering, and potential 
phase separation. Chemical fluctuation refers to the local variations 
or inhomogeneities in chemical compositions within a material, 
driven by thermodynamic disturbances or local chemical potential 
differences. These fluctuations can occur at different scales, from 
atomic to nanoscale and even macroscopic. In contrast, chemical 
ordering describes the tendency of different types of atoms to oc-
cupy specific lattice positions in a structured and rule-based man-
ner, forming either short-range or long-range order as the system 
minimizes its energy. The chemical ordering and fluctuations are 
not merely academic curiosities; they can notably influence material 
properties. For instance, local chemical ordering can alter the elec-
tronic structure (5, 7), affecting properties like electrical conductiv-
ity and catalytic activity. Similarly, local chemical fluctuation can 
impede phonon propagation, thereby reducing thermal conductiv-
ity (27).

Despite the burgeoning interest in high-entropy materials for TE 
applications, our understanding of how configurational entropy and 
chemical fluctuations interplay with TE properties remains limited. 
Particularly, the impact of chemical fluctuations on the transports of 
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electrons and phonons is still unclear. This is because traditional mi-
crostructural studies have mainly concentrated on dislocations, 
nanoprecipitates, and grain boundaries, often sidelining the intri-
cate role of chemical fluctuations. In addition, the multiscale nature 
of chemical fluctuations, spanning from atomic to microscale, com-
plicates the analysis further.

In this work, we delve into a case study in AB2Sb2-type Zintl 
phases, a promising class of TE materials noted for their composi-
tional versatility, environmental sustainability, and electrical tun-
ability (28–31). The extensive variety of members within AB2Sb2 
renders it an exemplary platform for probing the chemical intrica-
cies inherent to high-entropy materials and for examining the sub-
sequent implications on TE properties (32). Using an array of 
state-of-the-art characterization techniques, we have elucidated the 
atomic to nanoscale chemical fluctuations present in AB2Sb2-type 
high-entropy materials (Fig. 1A), which contributes to an excep-
tionally low lattice thermal conductivity that approaches the 
theoretical minimum (Fig. 1B). Concurrently, the coherent lattice 
boundary across disparate nanoregions remains impervious to elec-
tron transport, thereby preserving electrical conductivity. As a re-
sult, we have attained a peak zT value of 1.2 at 750 K, surpassing 
most other AB2Sb2-type Zintls (Fig. 1C).

RESULTS
Crystal structure and microstructure characterization
AB2Sb2-type Zintl phases allow for diverse elemental compositions, 
where the A site can be occupied by Mg, Yb, Ca, Sr, Eu, or Ba, 

whereas the B site can be occupied by Mg, Zn, or Cd (33–36). Cap-
italizing on this variability, we synthesized a series of AB2Sb2-based 
high-entropy samples with nominal compositions of [(Mg0.25Yb0.25
Ca0.25Sr0.25)(Mg0.67Zn0.33)2]δSb2 (δ = 1.05, 1.11, 1.17, and 1.33) and 
[(Mg0.25Yb0.25Ca0.25Sr0.25)(Mg0.33Zn0.33Cd0.33)2]1.17NaxSb2 (x  =  0, 
0.006, 0.011, 0.013, 0.015, and 0.02), where Na was introduced to 
tune the carrier concentrations. These samples were initially de-
signed with Mg/Yb/Ca/Sr at the A site and Mg/Zn/Cd at the B site. 
Despite the large differences in atomic size, electronegativity, and 
even valence states among the eight constituent elements (see table 
S1), we successfully achieve a single-phase AB2Sb2 structure in 
such high-entropy compositions (Fig. 2). The calculated configura-
tion entropy is as high as 20 J mol−1 K−1, notably surpassing that of 
all reported TE materials. Maintaining this pure phase necessitates 
an unusual 17% excess of A/B elements (figs. S1 and S2), in contrast 
to the typical 1% excess required to compensate for volatilization 
and/or oxidation observed in Mg3.03Sb2 matrix samples. The 
energy-dispersive spectroscopy (EDS) analysis verifies that the 
measured compositions are roughly consistent with the nominal 
one (table S2), and the relative oxygen content of high-entropy 
samples is close to the Mg3.03Sb2 matrix (table S3), suggesting that 
neither volatilization nor oxidation is the cause of the anomalous 
17% excess. The specific reasons for this anomaly will be eluci-
dated below.

Chemical fluctuations at nanoscale
At the microscale, all the elements in high-entropy materials 
exhibit a uniform distribution (Fig. 2B). However, closer investigation 

Fig. 1. High-performance Zintl phases TE materials with chemical fluctuations. (A) Schematic diagram of atomic to nanoscale chemical fluctuations in high-
entropy materials. (B) Room temperature lattice thermal conductivity κL as a function of configuration entropy ΔS for our high-entropy sample (Mg0.94−nYb0.26Sr0.26Znm)
(MgnCd0.69Zn0.69−mNax)(Sb1.74Ca0.26). The red dashed line denotes the theoretical lattice thermal conductivity calculated through the Callaway model (48). (C) Figure of 
merit zT at 750 K as a function of configuration entropy ΔS. The reported data of p-type Mg3Sb2-based multicomponent samples are included for comparison 
(5, 44, 49–54).
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reveals notable chemical fluctuations at the nano and even atomic 
levels. Through atom probe tomography (APT) analysis, we have 
clearly discerned pronounced elemental compositional oscilla-
tions at tens of nanometer scale for all constituent elements, in-
cluding the anionic Sb. For instance, the local maximal concentration 
of Mg even reaches ~60%, substantially exceeding its nominal 
concentration (Fig. 3A). Moreover, even after prolonged high-
temperature annealing, these marked fluctuations still occur (fig. 
S3), indicating that such a structure is relatively stable even when 
sufficient atomic diffusion energy and time are provided. Previous 
APT results showed no obvious chemical fluctuations in pure 
Mg3Sb2 (37,  38); thus, we believe that the chemical fluctuation 
phenomena characterized using APT in our study are credible. It 
should be noted that, in this specimen, the overall elemental con-
centrations detected by APT deviate from the expected composi-
tion as APT focuses on local areas of a few tens of nanometers, 
which inherently exhibit segregation. To cross-check the chemical 
fluctuation phenomena, we performed high-angle annular dark 
field (HAADF) analysis using aberration-corrected scanning 
transmission electron microscopy (STEM) across different scales 
and multiple areas. The HAADF image (Fig. 3B) reveals that the 
high-entropy material consists of dark, gray, and white regions, 
each spanning several to tens of nanometers. As the intensity of 
the HAADF image is proportional to the atomic number, this non-
uniform contrast indicates an inhomogeneous distribution of ele-
ments at the nanoscale. Further EDS mappings directly show 
that the dark region is enriched with light elements, exemplified by 
Mg; the white region is enriched with heavier elements, such as Yb 
and Sr; and the gray region have a higher concentration of Cd 
and Zn. This observation is confirmed by the quantitative compo-
nent analysis in the marked regions I, II, and III (Fig. 3C). Notably, 
despite the compositional variations, the enlarger HADDF image 
evidences that the different nanoregions remain lattice coherent 
(Fig. 3D), signifying structural uniformity. This finding is fur-
ther substantiated by the fast Fourier transform (FFT) analysis, 
which demonstrates that the three regions display similar diffraction 
patterns (Fig. 3E). Overall, the chemical fluctuation is observed 
at the nanoscale while preserving a coherent lattice boundary 
across different compositions.

Chemical fluctuations at the atomic scale
Further atomic-resolution STEM-EDS mapping provides precise 
atomic occupation information of various elements within the lat-
tice (Fig. 4). As expected, Yb and Sr elements, with large atomic size 
and low electronegativity, predominantly occupy the A sites, where-
as those with small atomic size and high electronegativity, like Cd, 
are found exclusively at the B sites. Unexpectedly, Ca atoms were 
observed to be primarily situated at the Sb sites rather than the A 
sites typically occupied in CaMg2Sb2 and CaZn2Sb2 Zintl phases 
(39), which is highly counterintuitive given the stark differences in 
properties between Ca and Sb. This peculiar finding, however, well 
explains the necessity of a 17% excess of cationic elements to synthe-
size a single-phase alloy as Ca has taken up the anionic site instead 
of the expected cationic one. We also attempted to explore the atom-
ic structure through synchrotron x-ray atomic pair distribution 
function (PDF) analysis. The PDF data for the high-entropy sample 
could be well fitted using the structural model with Ca placing at Sb site 
(fig. S4), which further confirms this unusual occupancy phenomenon.

To understand the reasons behind this anomalous site occupan-
cy, we performed defect energy calculations. Initially, we construct-
ed a 3 × 3 × 2 supercell of Mg54Sb36 and calculated the formation 
energy for Ca substituting Sb. The calculated formation energy of 
CaSb is as high as 2.26 eV, indicating that Ca is unlikely to oc-
cupy the Sb sites in Mg54Sb36, which aligns with experimental re-
sults from the literature (39). Subsequently, we randomly constructed a 
3 × 3 × 2 supercell of (MgYbSr)6(MgZnCd)12Sb36 and calculated the 
formation energy for Ca occupying 36 different Sb sites. We found 
that, when the surrounding elements of Sb were not solely Mg but 
were replaced by Yb, Sr, Zn, and Cd, the formation energy of CaSb 
substantially decreased (fig. S5). Notably, the formation energy for 
certain Sb sites is even below 0.5 eV, substantially lower than the 
formation energy of CaSb (2.26 eV) in the Mg54Sb36 matrix. This 
suggests that changes in the local coordination environment around 
Sb can drastically reduce the formation energy for foreign element 
substitution, leading to the observed anomalous site occupancy.

In addition to the anomalous Ca occupancy at Sb sites, we found 
that Zn does not solely occupy the expected B sites but, like Mg, also 
occupies A sites. However, the exact concentrations of Zn and Mg at 
each site remain undetermined. Furthermore, our findings indicate 

Fig. 2. Crystal structure and microstructure characterization of high-entropy materials. (A) Room temperature XRD patterns of samples [(Mg0.25Yb0.25Ca0.25Sr0.25)
(Mg0.33Zn0.33Cd0.33)2]1.17NaxSb2 (x = 0, 0.006, 0.011, 0.013, 0.015, and 0.02). a.u., arbitrary units. (B) Backscattered electron microscopy image and corresponding EDS mapping 
of the x = 0.013 sample.
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Fig. 3. Chemical fluctuations at the nanoscale of high-entropy materials. (A) Three-dimensional reconstruction mappings obtained from the APT technique for the 
[(Mg0.25Yb0.25Ca0.25Sr0.25)(Mg0.33Zn0.33Cd0.33)2]1.17Na0.013Sb2 sample, illustrating the variations in concentrations of the Mg, Yb, Sr, Ca, Cd, Zn, Na, and Sb elements. 
(B) HAADF image and corresponding EDS mapping. (C) Relative content of different elements of the dark region I, gray region II, and white region III marked in (B). The red 
dashed line denotes the relative average content of each element. (D) Enlarged HAADF image. (E) FFT images of the three different regions in (B).
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that the elements are not randomly distributed at the atomic scale; 
instead, there are specific areas with higher concentrations and oth-
ers with lower concentrations (Fig. 4C). For instance, Yb exhibits 
stronger contrast in the central-right region of the mapping, indicat-
ing a higher content there, whereas its concentration is noticeably 
lower in the top right and bottom left of the mapping (fig. S6). Fur-
ther STEM-EDS analysis in a different sample area confirms the 
presence of these anomalous atomic occupations (fig. S7). Overall, 
our high-entropy samples exhibit atomic chemical fluctuations, 
with Yb, Sr, Mg, and Zn disorderedly distributed across the A sites, 
whereas Cd, Mg, Zn, and Na disorderedly distributed across the B 
sites. Ca and Sb, on the other hand, share another lattice site in a 
disordered manner. Consequently, the chemical formula of these 
high-entropy materials should be revised to (Mg0.94−nYb0.26Sr0.26Znm)
(MgnCd0.69Zn0.69−mNax)(Sb1.74Ca0.26), where n and m represent the 
content of Mg and Zn, respectively, yet to be precisely determined. 
For consistency, this revised chemical formula will be used in the 
subsequent discussions.

Thermal transport analysis
The atomic to nanoscale chemical fluctuations in high-entropy ma-
terials have a profound impact on both thermal and electrical 
transports. Figure 5 illustrates the thermal transport properties of 
high-entropy samples, in comparison with the AB2Sb2 matrix sam-
ples. The total thermal conductivity κ of the Na-free high-entropy 
sample is ~0.7 W m−1 K−1 at 300 K, and it shows a slight increase 
with the increase in Na content (Fig. 5A), primarily due to the en-
hanced contribution of electronic thermal conductivity κe (fig. S8A). 

The lattice thermal conductivity κL was calculated by subtracting κe 
from the total κ (see calculation details in the Supplementary Mate-
rials). The room temperature κL of high-entropy samples is only 0.5 
to 0.7 W m−1 K−1, much lower than all the AB2Sb2 matrixes and 
approach the theoretical minimum estimated by Cahill’s model 
(κmin = 0.52 W m−1 K−1) (40). It is worth noting that all samples 
exhibit relative densities greater than 97% (table S4), which suggests 
that the observed low lattice thermal conductivity is an intrinsic 
property rather than a result of porosity. With the increase in Na 
content, there is a slight decrease in lattice thermal conductivity (fig. 
S8B), which is attributed to the enhanced phonon scattering by 
point defects. The minor deviations in lattice thermal conductivity 
for certain samples likely stems from the measurement uncertainties 
of thermal diffusivity coefficient and the challenges in accurately de-
termining the electronic thermal conductivity. This is underlined by the 
fact that the Na-doped samples, which show larger electronic con-
ductivities, also show a larger scattering of the determined lattice 
thermal conductivities. Figure 1B plots the variation of room tem-
perature κL against the configurational entropy ∆S for different 
samples. The solid line represents the prediction based on a widely 
accepted alloy model that incorporates the influence of atomic fluc-
tuations. It is evident that, as ∆S increases, the κL gradually decreases, 
mainly due to the enhanced phonon scattering caused by atomic-scale 
lattice distortions. The experimental data for low-entropy samples 
align with the predicted line, confirming the model’s applicability. 
However, the experimental data for high-entropy samples fall below 
the predicted values, indicating that the nanoscale chemical fluctua-
tion also has a large impact on suppressing the phonon transport.

Fig. 4. Chemical fluctuations at the atomic scale in high-entropy materials. (A) Atomic-resolution HAADF-STEM images of the high-entropy (Mg0.94−nYb0.26Sr0.26Znm)
(MgnCd0.69Zn0.69−mNa0.013)(Sb1.74Ca0.26) sample. (B) Corresponding atomic structure model of Zintl phase AB2Sb2. (C) Atomic-resolution STEM-EDS mappings of various 
elements. Atomic structure model of AB2Sb2 is added in the upper right corner of each figure to calibrate the atomic occupations.
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To further delineate the impact of chemical fluctuations on ther-
mal transport, we measured and analyzed the low-temperature (10 
to 300 K) thermal conductivity of the high-entropy samples. Unlike 
conventional crystalline materials that exhibit a pronounced Um-
klapp peak at around 20 K, the κL of our high-entropy samples dis-
plays a monotonic increase with temperature (Fig. 5C), a behavior 
more akin to that of amorphous materials. Moreover, the κL of high-
entropy samples is obviously lower than those of single crystals and 
low-to-medium entropy samples, particularly at low temperatures. 
We used the Debye-Callaway model to fit the low-temperature ex-
perimental κL (41, 42) (see calculation details in the Supplementary 
Materials). In this model, atomic chemical fluctuations were treated 
as point defects, whereas nanoscale chemical fluctuations were con-
sidered as nanoparticles. It became evident that only by incorporat-
ing the contributions of nanoscale chemical fluctuations could we 
achieve a satisfactory fit to the experimental data (Fig. 5D). This un-
derscores the indispensable role of nanoscale chemical fluctuations 
in the suppression of thermal transport, a factor that cannot be over-
looked in the design and optimization of high-entropy materials.

Electrical transport analysis
Figure 6 illustrates the electrical transport properties of high-
entropy samples, in comparison with the AB2Sb2 matrixes. The 
room temperature carrier mobility μ of our high-entropy samples is 
around 25 cm2  V−1  s−1, which is slightly higher than that of the 
Mg3Sb2 matrix (Fig. 6A). According to the periodic potential theory, 
the chemical fluctuation on both the atomic scale and nanoscale can 
disrupt the periodic potential, which typically leads to an increase in 

carrier scattering. However, despite the presence of chemical fluc-
tuations, the well-defined and coherent atomic lattice can, to some 
extent, mitigate the scattering effect on charge carriers. Moreover, 
the band degeneracy and band sharpening effects are also beneficial 
for the transport of charge carriers, as will be discussed below. With 
the increase in Na doping content, the carrier concentration p is 
substantially improved (Fig. 6B), indicating that Na is an effective 
acceptor in AB2Sb2 Zintl phases. The presence of such a high con-
centration of CaSb antisite defects in a material system is also ex-
pected to have a large impact on the carrier concentration. However, 
for high-entropy materials, there are many factors that influence the 
carrier concentration. The Mg interstitials, Mg vacancies, and even 
other defects in high-entropy material can all substantially affect the 
carrier concentration. Furthermore, our x-ray photoelectron spec-
troscopy (XPS) results (fig. S9) reveal that the valence state of Ca in 
the high-entropy material deviates from the typical +2 state, com-
plicating the nature of CaSb antisite defects. It is possible that these 
defects act as deep-level defects. The cause of this phenomenon still 
requires further investigation.

To better elucidate the impact of chemical fluctuations on the 
electrical transports of high-entropy materials, we analyzed the 
weighted mobility μw relative to the configuration entropy ΔS across 
different compositions (43). μw serves as an integrated electrical per-
formance indicator independent of carrier concentrations. The μw of 
our high-entropy samples is ~80 cm2 V−1 s−1, outperforming those 
of the Mg3Sb2 matrix and some low-to-medium entropy samples 
(Fig. 6C). The superior electrical performance could be attrib-
uted to the partial band degeneracy or band sharpening within our 

Fig. 5. Thermal properties of high-entropy materials. Temperature dependence of (A) total thermal conductivity κ and (B) lattice thermal conductivity κL for high-
entropy (Mg0.94−nYb0.26Sr0.26Znm)(MgnCd0.69Zn0.69−mNax)(Sb1.74Ca0.26), where x = 0, 0.006, 0.011, 0.013, 0.015, and 0.02. (C) Low-temperature lattice thermal conductivity κL 
as a function of temperature for the x = 0 sample. The data of Mg3.2Sb1.195Bi0.795Te0.01, single-crystal Mg3Sb2 (55), crystalline SiO2 (56, 57), and amorphous SiO2 (56) are in-
cluded for comparison. (D) Contributions from various phonon scattering mechanisms to the lattice thermal conductivity κL. U, B, P, and NP denote the phonon-phonon 
Umklapp process, grain boundary scattering, point defect scattering, and nanoparticle scattering, respectively.
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high-entropy compositions. From the configuration standpoint, 1 mol 
of (Mg0.94−nYb0.26Sr0.26Znm)(MgnCd0.69Zn0.69−mNax)(Sb1.74Ca0.26) 
can be simplistically viewed as a combination of 0.26 mol of YbCd2Sb2, 
0.26 mol of SrZn2Sb2 and 0.48 mol of Mg3Sb2 (44). Assuming a linear 
variation of crystal field splitting energy (∆) with respect to the compo-
nents, we calculated ∆ for our high-entropy samples as follows: 
∆ = 0.26 × 0.03 eV + 0.26 × 0.141 eV − 0.48 × 0.40 eV = −0.147 eV 
(45). This result indicates that the positive ∆ of YbCd2Sb2 and 

SrZn2Sb2 could partly offset the negative ∆ of Mg3Sb2. First-
principles calculations of the band structure further confirm our 
inference (fig. S10). The pristine Mg54Sb36 has a ∆ of ~0.31 eV be-
tween its first valence band (VB1) and second valence band (VB2). 
In contrast, the high-entropy (MgYbSr)6(MgZnCd)12Sb36 exhibits a 
reduced ∆ of only 0.04 eV. The reduction in splitting energy ∆ allows 
the VB2 with small effective mass to participate in electrical trans-
port, thus benefiting carrier mobility. Moreover, we observed a 

Fig. 6. Electrical properties and figure of merit zT of high-entropy materials. (A) Carrier mobility μ and (B) carrier concentration p as functions of Na content x for 
(Mg0.94−nYb0.26Sr0.26Znm)(MgnCd0.69Zn0.69−mNax)(Sb1.74Ca0.26), where x = 0, 0.006, 0.01, 0.013, 0.015, and 0.02. Reported data of Mg3−xNaxSb2 are included for comparison 
(58). (C) Weighed mobility μw at 300 K as a function of configuration entropy ΔS. Reported data of Mg3Sb2-based multicomponent samples are included for comparison 
(5,  44,  49–54). Temperature dependence of (D) electric conductivity σ, (E) Seebeck coefficient α, and (F) figure of merit zT in samples (Mg0.94−nYb0.26Sr0.26Znm)
(MgnCd0.69Zn0.69−mNax)(Sb1.74Ca0.26) (x = 0, 0.006, 0.011, 0.013, 0.015, and 0.02).
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decrease in the effective mass of both VB1 and VB2, indicative of a 
band sharpening effect, which also favors carrier transport. Mean-
while, the reduction in lattice parameter ratio a/c in high-entropy 
materials (a/c = 0.604), in contrast to Mg3Sb2 (a/c = 0.631), is 
also an indicator of band degeneracy because the energy level of 
the pz orbital is more sensitive to Sb-Sb hybridization along the 
c axis compared with the px/y orbital (5). In Fig. 6C, some re-
ported high-entropy materials exhibit a higher μw, likely due to 
the better band degeneracy effects in these samples. Through ad-
justing the content of various elements, we believe that the elec-
trical transport performance of our high-entropy samples can be 
further improved.

Because of the low carrier concentration, the electrical conduc-
tivity σ of Na-free samples is very low (~1500 S m−1), whereas the 
Seebeck coefficient α is very high (reach 300 μV K−1) at room tem-
perature. As the Na content increases, the σ gradually increases, and 
the α gradually decreases (Fig. 6, D and E). The maximum σ achieved 
in the x = 0.015 sample is about 7 × 104 S m−1, which is two orders 
of magnitude higher than that of the x = 0 sample. It should be not-
ed that the high-entropy samples exhibit excellent thermal stability 
as the TE performance remain unchanged after rigorous annealing 
and cycling tests (fig. S11). The relationship between the Seebeck 
coefficient α and the carrier concentration p can be understood us-
ing the well-established Pisarenko plot. As shown in fig. S12, all the 
data points are distributed around the Pisarenko plot corresponding 
to effective mass of 1.2 me. The data for the x = 0 sample fall below 
this line, whereas the data for the x = 0.013 and 0.015 samples lie 
above it. This indicates that, with increasing Na doping, the effective 
mass tends to increase. The observed deviations, on one hand, can 
be partly ascribed to the inherent measurement uncertainties of 
both carrier concentration and Seebeck coefficient. On the other 
hand, as Na doping increases, there is a notable rise in hole concen-
tration, which enhances the contribution from the second valence 
band, consequently leading to an increase in the total effective mass. 
Thanks to the optimized p and well-maintained μ, the maximum 
power factor reaches 11 μW cm−1 K−2 at 650 K for the x = 0.013 
sample. Consequently, a peak zT value of 1.2 is achieved in the 
x = 0.013 high-entropy material (Fig. 6F), which is superior to most 
reported AB2Sb2-type Zintl phases.

DISCUSSION
Following the high-entropy engineering, we synthesized a series of 
high-entropy (Mg0.94−nYb0.26Sr0.26Znm)(MgnCd0.69Zn0.69−mNax)
(Sb1.74Ca0.26) single-phase materials with homogeneous elemental 
distribution at the microscopic scale. Using a suite of advanced 
characterization techniques, we unveiled the precise atomic occu-
pancy of various elements within the high-entropy structure, nota-
bly the anomalous positioning of cationic Ca at the anionic Sb site. 
We found atomic to nanoscale chemical fluctuations that, despite 
their compositional disparities, maintain a coherent atomic lattice. 
These chemical fluctuations, coupled with anomalous occupations, 
can strongly scatter phonons, resulting in an exceptionally low lat-
tice thermal conductivity. After optimizing the carrier concentra-
tion, we achieved a remarkable peak zT value of 1.2 at 750 K, ranking 
among the highest reported values for AB2Sb2-type Zintls. This 
work unveiled the pivotal role of chemical fluctuations in TE trans-
ports, charting a promising avenue for the development of innova-
tive high-performance high-entropy materials.

MATERIALS AND METHODS
Sample preparation
A series of AB2Sb2-based samples, including [(Mg0.25Yb0.25Ca0.25Sr0.25)
(Mg0.67Zn0.33)2]δSb2 (δ = 1.05, 1.11, 1.17, and 1.33), [(Mg0.25Yb0.25C
a0.25Sr0.25)(Mg0.33Zn0.33Cd0.33)2]1.17NaxSb2 (x  =  0, 0.006, 0.011, 
0.013, 0.015, and 0.02), and Mg3.03Sb2 were synthesized using high-
energy ball milling methods. High-purity raw materials, including 
magnesium (99.95%, Aladdin), ytterbium (99.9%, Aladdin), calci-
um (99.5%, Aladdin), strontium (99.9%, Thermo Fisher Scientific), 
zinc (99.9%, Zhongsheng Heng’an), cadmium (99.999%, Aladdin), 
antimony (99.999%, Aladdin), and sodium (99%, Alfa Aesar), were 
precisely weighed in stoichiometric ratios for the target composi-
tions. In an argon-filled glove box, the weighed raw materials were 
transferred to stainless steel ball milling jars and milled at 1725 rpm in a 
Spex-8000D mill for 5 hours, with a midprocess scraping at 2.5 hours 
to ensure uniform mixing. All operations, including weighing, 
transferring, and scraping, were performed inside the glove box to 
maintain an inert atmosphere. After milling, the powders were com-
pacted in a graphite die with a 10-mm diameter and sintered using 
spark plasma sintering at 903 K for 5 min under a 50-MPa pressure, 
ensuring the formation of dense bulk samples.

Characterization
Room temperature x-ray diffraction (XRD) analysis was performed 
using a Bruker D8 Advance diffractometer equipped with Cu Kα ra-
diation (λ = 1.5406 Å). The chemical composition was examined us-
ing a field-emission scanning electron microscope (Tescan Mira3, 
Czech Republic) coupled with an energy-dispersive x-ray spectro-
scope (Oxford, UK). The XPS characterization was performed using 
an ESCALAB QXi X-ray Photoelectron Spectrometer Microprobe 
(Thermo Fisher Scientific, USA). APT analysis was performed in a 
Cameca Instruments LEAP 5000 XR system. A dc voltage of 2 to 
5 kV was applied, with laser pulses at a wavelength of 355 nm and an 
energy of 30 pJ. A pulse repetition rate was set at 50 kHz, with an 
average detection rate of 0.2%, and the measurement was performed 
at a base temperature of 25 K. The APT data were processed using the 
AP Suite 6.3.2 software from Cameca Instruments. Both the needled-
sharped sample and TEM lamella for the APT and TEM analysis, 
respectively, were prepared through the standard lift-out procedure 
using a focused ion beam (Helios, Nanolab 600). Atomic-resolution 
STEM and EDS mapping investigations were conducted on a JEOL 
JEM-ARM300F microscopy equipped with a dual-probe Cs correc-
tor and an energy-dispersive spectroscope. PDF measurements were 
performed at the RIKEN BL44B2 beamline at SPring-8, Japan, using 
a monochromatic x-ray beam with a wavelength of 0.489883(1) Å, 
which was calibrated through the refinement of the synchrotron dif-
fraction data on a NIST LaB6 standard. Finely grounded powder with 
a uniform particle size smaller than 40 μm sealed in 0.2-mm glass 
capillary was used for the measurements. The diffraction data were 
appropriately background subtracted and Fourier transformed with 
a Qmax = 20 Å−1 using PDFgetX3, thus giving the PDF. Instrumental 
parameters Qdamp = 0.00313 Å−1 and Qbroad = 0.00290 Å−1 were ob-
tained by refining the collected PDF data of the LaB6 standard in the 
PDFgui software (46). Refinement of the converted PDF data was 
carried out using the PDFgui software. The sound velocities were 
measured using an ultrasonic measurement system UMS-100 with 
shear wave transducers of 5 MHz and longitudinal wave transducers 
of 10 MHz. Electrical conductivity (σ) and the Seebeck coefficient (S) 
were assessed using a ZEM-3 system (ULVAC Co. Ltd.) in a helium 
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environment. Thermal diffusivity (D) was measured using a laser 
flash method in an argon atmosphere (LFA 457, Netzsch Co. Ltd.). 
The sample density (ρ) was determined via Archimedes’ principle. 
The specific heat capacity Cp was measured using a differential scan-
ning calorimeter (DSC 404, Netzsch Co. Ltd.) with a heating rate of 
5 K/min, and the sapphire was used for correction during the mea-
surement. Total thermal conductivity (κ) was calculated using the 
formula κ = ρCpD. Carrier concentration (p) and mobility (μ) were 
derived from the formulas n = 1/eRH and μ = σRH, respectively. The 
Hall coefficient was obtained using the van der Pauw method (M91, 
Lake Shore Cryotronics Inc., USA) under a magnetic field of 1 T at 
300 K. The low-temperature thermal conductivity (10 to 300 K) was 
measured by a physical property measurement system (PPMS-9, 
Quantum Design, USA).

Theoretical calculations
All first-principles calculations were performed using the Vienna ab 
initio simulation package code, using the projector augmented wave 
method (47). The primitive cell of pristine Mg3Sb2 was fully relaxed 
until the total energy and force-convergence criteria were met, with 
a threshold of 10−7  eV and 0.001 eV/Å, respectively. The Perdew-
Burke-Ernzerhof functional, within generalized gradient approxi-
mation, was applied to handle the electronic exchange and correlation 
potential. A plane wave energy cutoff of 600 eV was used, and the 
Brillouin zone was sampled with a 15 × 15 × 7 Γ-centered k-point 
mesh for structural relaxation. For defect calculations, the atomic 
coordinates within the supercells are relaxed, maintaining a fixed cell 
shape and volume, until the total energy and force-convergence cri-
teria reached 10−6 eV and 0.01 eV/Å, respectively. A plane wave en-
ergy cutoff of 400 eV and a 2 × 2 × 2 Γ-centered k-point mesh were 
used. Initially, a 3 × 3 × 2 supercell containing 160 atoms was used 
for defect calculations in the pristine Mg3Sb2 system. Subsequently, a 
3  ×  3  ×  2 supercell of (MgYbSr)6(MgZnCd)12Sb36 was randomly 
constructed for the defect calculations in the high-entropy sample. 
The crystal structure is illustrated in fig. S5, containing a total of 36 Sb 
sites. We sequentially substituted a Ca atom for one of the Sb atoms, re-
laxed the structure, and then calculated the defect formation energies.
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