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Dimensional transport crossovers in
thermoelectrics revealed by a simple
transport model

Xiaoxuan Zhang1,2, Thomas C. Chasapis3, Kaiqing Lu1,2,4,5,
Maxwell ThomasDylla3,MeizhuHuang1,2,G. JeffreySnyder 3 &YueLin 1,2

Quantum confinement gives low-dimensional materials distinctive electronic
behaviour, but assessing their effective band structure dimensionality (D) is
difficult. Conventional probes such as angle-resolved photoemission spectro-
scopy (ARPES) or scanning tunneling microscopy (STM) demand ultra clean
surfaces and expensive facilities. We introduce a generalized transport model
that functions as an internal dimensionalitymeter: by tracking how the Seebeck
coefficient varies with carrier concentration or temperature, we deduce D from
two scaling laws, S / D

2

� �
lnT in non-degenerate regimes (e.g. Sj j≥ 200μVK�1)

and S / n�2=D in degenerate regimes (e.g. Sj j≤ 150μVK�1). Applying this
approach to SrTiO3, few-layer Bi2O2Se and Pb1-xSnxTe uncovers temperature-,
doping- and alloy-induced crossovers between three-dimensional and lower-
dimensional transport. The method offers a rapid, scattering independent
framework to design quantum and thermoelectric properties.

Low-dimensionalmaterials have ascended to the forefront ofmaterials
science by virtue of their extraordinary electronic band structures,
which can confer dramatically enhanced properties relative to their
bulk analogs1–4. The reduction in dimensionality, from three-
dimensional (3D) to two-dimensional (2D), one-dimensional (1D), or
even intermediate confined regimes, fundamentally reshapes the
density of states (DOS) through quantum confinement, thereby
endowing materials with distinctive electronic, optical, and mechan-
ical characteristics5. Such advantages hold particular promise for next-
generation electronic devices6, sensors7, and energy conversion
technologies8, where performance breakthroughs hinge upon fine
control of carrier dynamics at the nanoscale.

A rich array of low-dimensional systems illustrates the transfor-
mative impact of reduced dimensionality. For instance, transitionmetal
dichalcogenides (TMDs), such as monolayer Molybdenum disulfide
(MoS2) feature direct bandgaps and pronounced excitonic effects,
rendering them ideal platforms for high-efficiency optoelectronics9.
Likewise, few-layer black phosphorus combines high carrier mobility

with in-plane anisotropy, enabling its integration in advanced electro-
nic and photonic architectures10. Even in ostensibly 3D materials, such
as strontium titanate (SrTiO3), quantum confinement in thin-film or
interfacial configurations drives emergent 2D transport behavior11,12,
underscoring the pervasiveness of dimensional tuning across diverse
material families. In all these cases, reduced dimensionality amplifies
quantum confinement and electron–electron correlations13,14, enabling
an unprecedented level of control over material properties. Impor-
tantly, the inherent quantum confinement in low-dimensionalmaterials
could modify the DOS near band edges, thereby altering carrier
mobilities, electrical conductivities, and thermoelectric (TE) properties.

Despite the potential of dimension-driven tuning for engineering
high-performance materials, reliably determining the effective
dimensionality of the electronic band structure in low-dimensional
materials remains nontrivial4. Traditional characterization techniques,
such as angle-resolved photoemission spectroscopy (ARPES)15,16 and
scanning tunneling microscopy (STM)17,18 have been employed to
probe electronic structures. However, these methods often require

Received: 5 August 2025

Accepted: 29 October 2025

Check for updates

1State Key Laboratory of Functional Crystals and Devices, Fujian Institute of Research on the Structure of Matter, Chinese Academy of Sciences, Fuzhou,
Fujian, P.R. China. 2Fujian Science & Technology Innovation Laboratory for Optoelectronic Information of China, Fuzhou, Fujian, P.R. China. 3Department of
Materials Science and Engineering, Northwestern University, Evanston, IL, USA. 4Fujian College, University of Chinese Academy of Sciences, Fujian, Fuzhou,
P.R. China. 5University of Chinese Academy of Sciences, Beijing, P.R. China. e-mail: jeff.snyder@northwestern.edu; linyue@fjirsm.ac.cn

Nature Communications |        (2025) 16:11071 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0003-1414-8682
http://orcid.org/0000-0003-1414-8682
http://orcid.org/0000-0003-1414-8682
http://orcid.org/0000-0003-1414-8682
http://orcid.org/0000-0003-1414-8682
http://orcid.org/0000-0001-9196-9180
http://orcid.org/0000-0001-9196-9180
http://orcid.org/0000-0001-9196-9180
http://orcid.org/0000-0001-9196-9180
http://orcid.org/0000-0001-9196-9180
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-65985-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-65985-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-65985-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-65985-5&domain=pdf
mailto:jeff.snyder@northwestern.edu
mailto:linyue@fjirsm.ac.cn
www.nature.com/naturecommunications


complex instrumentation, operate under ultra-high vacuum condi-
tions, and demand pristine surface quality, such as atomic-level
smoothness19. This has motivated the pursuit of transport-based
approaches that can probe electronic dimensionality under more
accessible experimental conditions.

Typically, the analysis of Seebeck coefficient S and electrical
conductivity σ involves both electron scattering and electronic
structure considerations. Conductivity is strongly influenced by
scattering mechanisms, whereas the Seebeck coefficient pre-
dominantly reflects the entropy per charge carrier—a thermo-
dynamic quantity directly related to electronic dimensionality
through the DOS20. However, clearly separating these two contribu-
tions is inherently ambiguous, often leading to reliance on assump-
tions about scattering and electronic structure that rarely align
exactly with experimental conditions.

In this work, we introduce a broadly applicable strategy to dis-
cern the effective electronic dimensionality independently of any
assumptions regarding scattering mechanisms. Our approach
leverages systematic measurements of Seebeck coefficient S, elec-
trical conductivity σ, and carrier concentration n. By adapting a
weighted mobility model21–23, we examine how dimensional confine-
ment modifies the electronic transport behavior. Interestingly, our
results show that doping, temperature T , and alloying can trigger
transitions between 3D-like and lower dimensional-like behavior in
various materials. This framework accelerates the design of systems
with tailor-made electronic and TE properties for advanced techno-
logical applications.

Results
Simplified model development
Low-dimensional materials (1D, 2D) exhibit electronic properties that
deviate markedly from those of conventional 3D semiconductors,
primarily because of the dimensional dependence of the DOS. This
dependence, in turn, governs carrier dynamics, optical transitions, and
transport. Figure 1 presents the generic form of the DOS for 3D, 2D,
and 1D systems.

Many 3D semiconductors with roughly spherical Fermi surfaces
feature a DOS, g3DðEÞ, that scales with the square root of energy E and
vanishes at the Fermi level24 (Fig. 1a). Mathematically,

g3DðEÞ=
ð2m�Þ3=2

2π2ℏ
3

ffiffiffi
E

p
ð1Þ

Where m� is the effective mass of charge carriers, ℏ is the reduced
Planck constant.

In 2D materials, the Fermi surface usually adopts a cylindrical
shape. The DOS in this case is constant and independent of energy,
reflecting the reduced dimensionality (Fig. 1b):

g2DðEÞ=
1
a
� m

�

πℏ2 ð2Þ

Here, a represents the confinement width perpendicular to the 2D
plane. The constant DOS implies a uniform availability of electronic
states at different energies near the Fermi level. This constant DOS
leads to unique electronic and optical properties that underpin cutting-
edge applications in 2D semiconductor quantum wells25 and TMDs9.

In 1D systems, including nanowires and carbon nanotubes, the
DOS exhibits a characteristic divergence (i.e., a van Hove singularity26)
near the band edge (Fig. 1c)

g1DðEÞ=
1
a

� �2

� 1
πℏ

ffiffiffiffiffiffiffiffiffi
2m�

E

r
ð3Þ

where the factor 1
a

� �2
reflects confinement in two perpendicular

directions. This divergence means that minor energy shifts can dra-
matically change the carrier density, a hallmark of reduced dimen-
sionality exploited in sensitive optoelectronic devices27–31.

Because the DOS changes with dimensionality, the carrier con-
centration n defined by n =

R1
0 g Eð Þf ðEÞdE also exhibits unique

dependencies on the position of the Fermi level EF. Here, f Eð Þ= 1

1 + e
E�EF
kBT

represents the Fermi-Dirac distribution function, where kB is the
Boltzmann constant. These are captured by the following expressions
(see Supplementary Information 1.1 for more details):

n3D =
ð2m�

3DkBTÞ
3
2

2π2ℏ3 F 1
2
ðηÞ ð4Þ

n2D =
1
a
�m

�
2DkBT

πℏ2 F0ðηÞ ð5Þ

n1D =
1
a

� �2

� ð2m
�
1DkBTÞ

1
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Fig. 1 | Overviewof the electronic densityof states (toprow) and corresponding
Fermi surfaces (bottom row) for different dimensional systems. In the top row,
the DOS is shown for a 3D, b 2D, and c 1Dmaterials, illustrating how it evolves with

energy near the band edge Eb. The bottom row depicts the respective Fermi sur-
faces: d 3D (spherical), e 2D (cylindrical), and f 1D (planar or flat sheet).
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Here, the reduced Fermi-level η= EF
kBT

, and Fi ηð Þ is the Fermi-Dirac
integral with the reduced energy ε= E

kBT
.

Fi ηð Þ= εi

1 + eε�η
dε ð7Þ

These integrals encapsulate how the occupancy of electronic
states evolves as a function of T and Fermi-level position. Conse-
quently, the distinct DOS in 3D, 2D, and 1D systems yields different
carrier concentration profiles as a function of η.

Boltzmann transport theory, within the relaxation-time approx-
imation, provides a powerful framework for analyzing TE and elec-
tronic transport properties in materials of various dimensionalities.
Under this approach, the Seebeck coefficient S and electrical con-
ductivity σ can be expressed in terms of the reduced Fermi level η, and
the scattering exponent s (or confining dimension a in 2D/1D)22. Spe-
cifically,

S=
kB

e
s + 1ð ÞFs ηð Þ
sFs�1 ηð Þ � η

� �
ð8Þ

σ = σE0
Tð Þ � sFs�1 ηð Þ ð9Þ

Here, σE0
Tð Þ is a temperature-dependent factor related to the

intrinsic material properties and varies with the dimensionality of the
system, s is a parameter corresponding to the system’s dimensionality
and scattering mechanism (see Supplementary Information 1.3 and 1.4
formore details), and the Fermi-Dirac integral Fs�1 ηð Þ incorporates the
energy distribution of carriers.

A practical transport toolkit can be built by exploiting the distinct
fingerprints that dimensionality D and scattering physics leave on the
Seebeck coefficient S in two complementary regimes.

In the non-degenerate regime (η<0, practically η≤ � 1), the
Pisarenko slope of S� n relation is universal (� kB

e ) thus independent of
scattering and dimensionality, whereas the intercept retains depen-
dence on the scattering parameter r and D through s (See Section 2.2
and Equation S43 of the Supplementary Information for detail). Con-
sequently, for 1D, 2D, and 3D systems, alike, S / lnðn�1Þ, the S� n
curve therefore cannot discriminate dimensionality. Instead, the
temperature dependence is decisive (see Supplementary Informa-
tion 2.2 for detail):

SðTÞ / D
2
lnTðe:g: Sj j≥ 200μVK�1Þ ð10Þ

A single SðTÞ sweep thus serves as a thermometer for D.
In the degenerate regime (η >0, practically η≥ 1), S acquires a

strong carrier-density signature that does resolve dimensionality (see
Supplementary Information 2.1 for detail):

SðnÞ / n�2=Dðe:g: Sj j≤ 150μVK�1Þ ð11Þ

Traditional Pisarenko plots measured at a fixed temperature
therefore reveal D directly from the power-law exponent. Conversely,
in the degenerate regime the Seebeck coefficient S scales linearly with
temperature T for every dimensionality, so an S� T plot offers no
leverage for distinguishing D, but differ depending on the scattering.

In this work, we adopt a curve-wise m� assumption within the
effective-mass framework32,33. For each S� n data set at fixed T (or
S� T at fixed n), we fit with a single m� that captures the local band
curvature and serves as a transport descriptor. When a single m� fails
to reconcile the data with the D-dimensional Pisarenko relation, the
systematic deviation is interpreted as evidence of non-parabolicity,
band modification (e.g., convergence or inversion), or a change in the
effective D. Importantly, our inference of D relies on the scaling

exponent of S vs n, which is insensitive to the absolute magnitude of
m� (i.e.,m� sets the prefactor, not the exponent).

Carrier scattering mechanisms, such as acoustic phonon, ionized
impurity, piezoelectric, or polar optical phonon scattering, impose
unique dependencies on carrier energy and temperature31,34–36. Once
the dominant mechanism is established, the associated transport
exponent smay becomean independent fingerprint of dimensionality.
For example, for ionized-impurity and polar-optical-phonon scatter-
ing, each effective DOS dimensionality D maps onto a unique s value
(Table 1). Experimentally, s can be extracted bymeasuring the Seebeck
coefficient S and electrical conductivity σ while systematically tuning
the carrier concentration at a fixed temperature, then fitting the joint
S� σ response. The resulting s can be matched to the theoretical sðDÞ
catalogue (Table 1), providing a rapid, self-consistent check on the
dimensionality already inferred from SðTÞ or Pisarenko SðnÞ analysis. (A
detailed explanation can be found in the Introduction of Section 2 and
in Section 2.1 of the Supplementary Information.).

Combining these measurements allows one to establish the
effective DOS dimensionality in a range of low-dimensional or nanos-
tructured systems.

Case Studies
Using our transport model framework, we next analyze representative
low-dimensional systems to illustrate how their electronic dimen-
sionality and dominant scattering mechanisms are revealed.

Dimensional crossover from 3D- to 2D-like transport in heavily
doped SrTiO3. A cross-analysis of six independent data sets11,37–41

(Fig. 2) exposes a universal dimensional crossover in SrTiO3 that is
triggered once the carrier density surpasses n � 1 × 1020cm�3. Below
this threshold, the transport is well described by a conventional 3D
DOS. The Seebeck coefficient varies with temperature as 3/2 ln T and
the Pisarenko relation follows the canonical S / n�2=3 dependence. As
the carrier density rises beyond this threshold, both signatures evolve
in concert toward the behaviour expected for a 2D DOS. Specifically,
the logarithmic prefactor in SðTÞ collapses to unity, yielding S / lnT ,
while the slope of the S� n curve steepens to S / n�1 (the detailed
calculation procedure is described in Supplementary Information 3.1
and illustrated in Figs. S1 to S3).

Taken together, these observations argue that heavily doped
SrTiO3 develops a Fermi surface that is effectively 2D, in line with

Table 1 | The carrier concentration n and temperature T
dependency of Seebeck coefficient S, and transport expo-
nent s for various carrier scatteringmechanisms in 1D, 2D, and
3D systems

Scattering
mechanisms

Dimensionality S� n
ðη≫ � 1Þ

S� T
ðη≪ � 1Þ

s

Acoustic Phonon or
Non-Polar Optical
Phonon

3D n�2=3 3
2 lnðTÞ 1

2D n�1 lnðTÞ
1D n�2 1

2 lnðTÞ
Ionized Impurity 3D n�2=3 3

2 lnðTÞ 3

2D n�1 lnðTÞ 5/2

1D n�2 1
2 lnðTÞ 2

Piezoelectric or
Polar Optical
Phonon

3D n�2=3 3
2 lnðTÞ 2

2D n�1 lnðTÞ 3/2

1D n�2 1
2 lnðTÞ 1

Note: the scattering exponent (commonly denoted r) encodes the underlying scattering
mechanism (SeeSection 1.2 of theSupplementary Information fordetail).Of particular relevance

is the relationship s= r + D
2, where D is dictated by dimensionality, taking values of 1 for 1D

systems, 2 for 2D systems, and 3 for 3D systems (see Section 1.3 of the Supplementary Infor-
mation for a detailed derivation). Consequently, changing r directly shifts the transport expo-
nent s.
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recent DFT predictions of flattened t2g sub bands under strong
filling42. This quasi-2D behavior arises from orbital-selective hybri-
dization: in-plane Ti-dxy and O-p coupling yields dispersive bands,
whereas out-of-plane (z) hybridization is symmetry-suppressed,
producing weak dispersion and cylindrical Fermi-surface sections.
The result cautions that bulk SrTiO3 cannot always be treated within
a simple 3D parabolic band picture once carrier densities approach
1020 cm−3, and it underscores how modest chemical doping can
unlock low dimensional transport physics without artificial
confinement.

Temperature-triggered transition from 1D-like to 3D-like transport
in few-layer bismuth oxyselenide (Bi2O2Se). Bismuth Oxyselenide
(Bi2O2Se) features a layered crystal structure consisting of alternating
[Bi2O2]n

2n+ layers and [Se]n
2n- layers, held together byweak electrostatic

interactions43. Recent studies by Yang et al. have investigated the
carrier scattering mechanisms in Bi2O2Se flakes to be polar optical

phonon/piezoelectric scattering mechanisms and their impact on TE
performance44.

In this study, our model uncovers that the electron transport
behavior undergoes dimensional evolution. As the T increases, trans-
port behavior transitions from a 1D to higher-dimensional regime. This
transition is discovered by analyzing the relationship between S and n
(detailed calculation procedures can be found in Supplementary
Information 3.2, along with Figs. S4 and S5). At 60K, a 1D transport
modelfits the S� ndata (Fig. 3b),whereas at 100K, a 2Dmodel ismore
appropriate (Fig. 3c). By 300K, a 3D model best describes the S� n
relationship (Fig. 3d). The change in transport exponent s further
confirmed this transition. The S – σ relationship follows the s = 1 rela-
tion at 60K, s = 1.5 at 100K, and s = 2 at 300K. Assuming optical
phonon/piezoelectric scattering mechanism thoughout, this observa-
tion indicates that the transport behaviour shifts from 1D to 3D as T
increases (Table 1). This effect may originate from its layered crystal/
electronic anisotropy: weak interlayer coupling along the out-of-plane

Fig. 2 | Thermoelectric transport fingerprints of n‑type SrTiO3. Data are com-
piled from La doped, Nb doped and oxygen deficient crystals and films in Refs.
11,37–41. a Temperature evolution of S for oxygen deficient, La and Nb doped
crystals. At low n, the data clearly follow 3/2 ln T characteristic of 3D DOS while at
high n above 1020 cm−3 the data follow lnT characteristic of a 2DDOS; datasets that

straddle the crossover concentration reproduce the change in slope expected for
reduced dimensionality.bRoom temperature S versusHall carrier concentration n.
At high n the data clearly follow the 2D DOS prediction (red curve) as opposed to
the 3D (blue curve); the inflection at n � 1 × 1020cm�3 signals entry into the 2D
regime.
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direction produces a highly anisotropic Fermi surface and effective
mass (nearly isotropic in-plane but elongated along kz)

45. At low tem-
perature, suppressed interlayer hopping confines carriers within the
layers, yielding quasi−1D-like scaling; with increasing T , phonon-
assisted interlayer transport progressively activates transverse con-
duction, driving a 1D→ 2D→ 3D evolution. These temperature-induced
dimensional transitions expand our understanding of carrier dynamics
in Bi2O2Se and highlight novel routes for property optimization.

Topological phase transition and emergent 1D-like transport in
Pb1-xSnxTe alloy. Topological insulators (TIs) represent a unique class
of quantummaterials, characterized bymetallic surface states coupled
with insulating bulk electronic structures46,47. These properties offer
significant promise for applications in next-generation electronic
devices48. Remarkably, many TIs, particularly Bi2Te3-based alloys, also
exhibit outstanding TE performance and are widely employed in
commercial TE technologies49. Recent studies suggest that bulk elec-
tronic structures in TIs can induce novel TE behaviors. In particular,
band inversion and the associated band warping in TIs can increase
valley degeneracy and effective carrier pocket multiplicity50,51, enhan-
cing the Seebeck coefficient S and power factor S2σ. Despite these
promising insights, transport phenomena originating within the bulk
states of TIs remain relatively understudied, especially in the context
of unconventionalTE effects driven by topological electronic structure
transitions in the bulk electronic structure.

Here, we investigate the transport behavior across the topological
phase transition in Pb1-xSnxTe, using our generalized transport model,
supported by both previously reported data52–60 and systematic

experiments performed in this work (further experimental details are
provided inMethod section). This alloy system spans from the normal
insulator PbTe (trivial band ordering) to the topological crystalline
insulator SnTe (inverted bands), providing an ideal platform to study
how TE properties evolve with changes in band topology. As the alloy
approaches a critical composition (xc � 0:6), we observe a striking
deviation from ordinary 3D transport toward a 1D-like transport
regime (Fig. 4a). In compositions well away from xc, the S versus n
follows the expected 3D trend S / n�2=3 even as the effective mass
(m�=me) varies with alloying (Fig. 4b). Near the critical point, however,
the S� n relationship steepens to S / n�2, closely resembling 1D
transport behavior and clearly deviating from the 3D model (Fig. 4a).
This motivates fitting with the 1D transport model, from which a self-
consistent (curve-wise constant) 1D m� is extracted. This dimensional
crossover is accompanied by a dramatic drop in the apparent effective
mass: at x � 0:6, m�=me is roughly three orders of magnitude lower
than in the 3D regime (Fig. 4b) (further calculation details are provided
in Supplementary Information 3.3 and Fig. S6). Such an abrupt
reduction in m�=me is consistent with the emergence of massless or
light Dirac-like carriers at the topological transition61. This behavior
supports, rather than contradicts, the conclusion that transport
channels exhibit 1D-like characteristics in the vicinity of the topological
transition.

At the critical composition, the bulk band gap of Pb1-xSnxTe nar-
rows to zero and band inversion occurs at the L-points of the Brillouin
zone, resulting in the formation of linearDirac cones (a hallmark of the
topological phase transition)50,61. This inversionmarks the point where
the alloy’s electronic structure is reorganized from normal to

Fig. 3 | Temperature-dependent evolutionof carrier transport behavior in Few-
layer Bi2O2Se, data adapted from Yang et al.44. a S – σ data for gate voltages of
10–60 V, showing the temperature dependence of the exponent s at different

temperatures: s = 1 at 60K, s = 1.5 at 100K, and s = 2 at 300K. b–d Relationship
between carrier concentration and the Seebeck coefficient at 60K (b), 100 K (c),
and 300K (d).
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topological. We hypothesize that the unusual 1D-like transport
observed in the bulk Pb0.4Sn0.6Te at this transition originates from
topologically derived conducting channels that effectively reduce the
dimensionality of charge transport. In other words, as the system’s
bulk bands invert, new conducting states associated with the topolo-
gical phase boundary can arise and carry current in a lower-
dimensional manner than the 3D bulk.

One plausible scenario is the appearance of topologically pro-
tectedboundaryor edge states along internal interfaces or defects. For
instance, microscopic regions of trivial and inverted band order may
coexist near the transition (due to alloy fluctuations or strain), and the
interfaces between these regions would host 2D topological surface
states62. If these interfaces percolate or formnetworks, charge carriers
might preferentially flow along them. In extreme cases, e.g. along line
defects or along the intersection of facets, these percolating pathways
could behave like quasi-1D conductors embedded in the 3D
material63,64. This provides a reasonable explanation for the 1D-like
S / n�2 scaling: the transport is dominated by carriers confined to

filamentary or stripe-like topological conductive paths, rather than the
bulk 3D conduction band. Notably, analogous phenomena have been
reported in other topological systems, lending credence to our inter-
pretation. Bismuth antimony alloys (Bi1-xSbx) undergo a well-known
topological band inversion; remarkably, theory and experiments have
shown that in the inverted regime, crystal dislocations can host 1D
helical modes that conduct along the dislocation line in the bulk
crystal65. These 1D topological defect states (predicted in weak TIs)
effectively act as internalwires with quantum-protected transport, and
they have indeed been suggested to contribute to the electrical con-
duction in Bi1-xSbx crystals near the topological transition. Likewise,
elemental bismuth, recently identified as a higher-order topological
insulator, features conducting hinge states 1D channels running along
the edges where crystal faces meet66. These topological hinge modes
allow electrons inBi to travel ballistically along the crystal edges, which
helps explain Bi’s unusually long carrier mean free path and ability to
conduct with very low carrier densities. The existence of such 1D
conduction pathways in nominally 3D topological materials

Fig. 4 | Topological phase transition of in Pb1-xSnxTe alloys. a Relationship
between S and n at T = 300K, compiled from Refs. 52–60. At the critical compo-
sition xc � 0:6, the alloy exhibits unexpected 1D-like transport behavior (S / n�2),
distinctly deviating from the typical 3D transport characterized by S / n�2=3.

b Effective mass (m�=me) as a function of n, highlighting a dramatic decrease
(approximately three orders ofmagnitude) in effectivemass precisely at the critical
composition.
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underscores that dimensionality of transport can be intrinsically
altered by topology.

By analogy, we suggest that in Pb1-xSnxTe, the closing of the bulk
gap and onset of band inversion create conditions for 1D-like transport
channels. These may arise from topology-enabled line, hinge, or
interface modes, or from percolating networks of locally inverted and
trivial regions that can dominate conduction at the critical composi-
tion xc. Importantly, the 3D to 1D scaling appears not only in poly-
crystals studiedbut also in single-crystaldatasets nearxc (e.g., Orihashi
et al.55), indicating that the effect does not rely on macroscopic crys-
tallinity. Microstructure chiefly modulates the density and con-
nectivity of these pathways, and thus the amplitude of the 1D-like
signature, but is not required for their existence; high-quality single
crystals may suppress extrinsic networks yet still exhibit intrinsic 1D-
like scaling in the vicinity of xc.

Crucially, the emergence of these 1D-like pathways at xc offers a
direct performance benefit: the effective transport dimensionality
reduction leads to an enhanced Seebeck coefficient at a given carrier
concentration (since S in a 1D-like system can achieve larger values
than in 3D, for comparable n below 6× 1019cm�3) (Fig. 4a). In tandem
with the ultralow effective mass of the Dirac-like bulk carriers, this
drives a marked improvement in the TE quality factors. Indeed, com-
positions near x � 0:6 are observed to exhibit significantly boosted TE
performance52.

We propose that this enhancement originates from the topolo-
gically driven changes in the electronic structure; essentially, the
material taps into high-mobility, low-dimensional transport channels
at the transition.

This finding not only deepens our understanding of how topolo-
gical phase transitions can influence bulk transport properties but also
suggests a novel strategy for engineering superior TEs. By tuning a
material to the brink of a topological phase change (through alloying,
strain, or other means), one can invoke these protected, high-
conductivity 1D-like pathways and achieve an optimal combination
of high Seebeck coefficient and mobility.

In summary, the Pb1-xSnxTe alloy at its critical composition xc �
0:6 demonstrates an intrinsic quasi-1D transport mode arising from a
topological electronic transition. This discovery opens new avenues
for exploiting topological transitions as a tool for designing TE mate-
rials, potentially guiding the development of next-generation TE
materials with unprecedented performance through the controlled
dimensionality of electronic transport.

Assessing electronic dimensionality in organic semiconductors:
PBTTT as a model system. Despite the well-known practical difficulty
of obtaining reliable Hall carrier densities in organic conductors67,68,
we assessed the applicability of our framework using the extensively
studied Poly[2,5-bis(3-dodecylthiophen−2-yl)thieno[3,2-b]thiophene]
(PBTTT) as a model system. We analyzed a few literature datasets69–72

that report both S and n (Fig. 5). PBTTT shows a scattering evolution
from s =3 to s = 1 with increasing doping69–71 (Fig. 5a), implying a
transition toward acoustic-phonon dominated transport22 and com-
patible with coherent, quasi-2D metallic behavior73,74 at high con-
ductivity (σ ≥ 200Scm�1).

At the single-study level, some datasets (e.g., Chen69,70 (Fig. 5c, e)
andKang71 (Fig. 5d)) exhibit strong 2D-like trends,whereas others (e.g.,
Wang72 (Fig. 5f)) appear 3D-like. To mitigate dataset-specific Hall
uncertainties, we pooled all points at 300K (Fig. 5b). The aggregated
data largely occupy the overlap region between our 3D- and 2D-
discriminative bands, sowe cannot claim auniversal 2D assignment for
PBTTT at high doping.

We infer that the apparent dimensionality in organics is highly
sensitive to disorder, such as set by intrinsic microstructure, dopant
distribution, and processing history (e.g., crosslinking), as high-
lighted in prior studies75–78. Establishing dimensionality robustly in

organics will therefore benefit from independent carrier-density
benchmarks (e.g., coulometry, IR sum-rules, or gate-capacitance
areal densities) and cross-checks with microscopic probes where
available.

Discussion
We introduced a simple yet powerful transport framework for diag-
nosing electronic dimensionality in semiconductors from standard
measurements (S, σ, n). Applied to SrTiO3, Bi2O2Se and Pb1-xSnxTe, the
analysis captures 1D/2D-like to 3D crossovers driven by doping, tem-
perature, and alloying, linking macroscopic transport to low-
dimensional electronic structure.

The method can operate directly on published datasets and open
repositories (e.g., StarryData2), enabling broad screening for dimen-
sionality signatures. It is complementary to microscopic probes, such
as ARPES, quantumoscillations, and first-principles calculations, which
can validate the inferred D and scattering. The framework is agnostic
to chemistry and extends naturally to other semiconductors and
layered materials.

To remain tractable, we adopt standard assumptions: relaxation-
time approximation with power-law scattering, a single dominant
band, and a curve-wise constant m�. These can be strained in narrow-
gap or strongly anisotropic systems, in multi-band regimes, or where
strong correlations/disorder dominate.

Futureworkmay (i) incorporatemulti-band formulations; (ii) treat
anisotropic effective-mass tensors and beyond-power-law energy-
dependent scattering; and (iii) integrate high-throughput computa-
tion and machine-learning over large databases to identify materials
with unconventional dimensional transport. Beyond inorganic sys-
tems, the same logic canbe adapted to organicTEs, providing a unified
perspective on dimensional transport across diverse material classes.

Overall, the framework deepens understanding of carrier
dynamics and offers practical guidance for designing next-generation
TEs and electronic materials, where controlling dimensionality can
unlock enhanced performance.

Methods
Theoretical analysis
A simplified transport model was established to describe the
dependence of the Seebeck coefficient on temperature SðTÞ or car-
rier concentration SðnÞ across different electronic dimensionalities.
The model assumes a single dominant band and employs the
relaxation-time approximation with power-law scattering. Full deri-
vations and parameter details are provided in the Supplementary
Information.

Materials synthesis
Samples with nominal compositions of Pb1-xSnxTe (x =0:1� 0:9,
Δx =0:1) were synthesized using high-purity Pb, Sn, and Te elements.
Stoichiometric mixtures, each weighing approximately 8 g, were loa-
ded into quartz tubes, evacuated to a residual pressure of 10−4 mbar,
and sealed. The sealed tubes were then heated gradually to 1100 °C
over 11 h, maintained at this temperature for 12 h to ensure complete
melting and homogeneity, cooled to 900 °C over 2 h, held at this
intermediate temperature for 6 h to facilitate phase stabilization, and
subsequently furnace-cooled to room temperature.

The resulting ingots were mechanically ground into fine powders
using ball milling. The powders were then densified via spark plasma
sintering (SPS) at 500 °C for 5minunder an axial compressivepressure
of 40MPa in vacuum, producing high-density, polycrystalline bulk
samples.

Transport measurements
Electrical conductivity and Hall coefficient measurements were per-
formed using the standard 4-point Van der Pauw method under a
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0.8 T magnetic field in a high-vacuum environment79. The Seebeck
coefficients weremeasured by establishing a temperature gradient of
approximately ±5 K across the sample, employing chromel-Nb ther-
mocouples for accurate temperature detection80.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data supporting the findings of this study are available within the
paper and its Supplementary Information. Source data are publicly
available on Figshare at https://doi.org/10.6084/m9.figshare.
30230689. Source data are provided with this paper.

Code availability
Customized Python scripts used in this study are available at Code
Ocean: https://doi.org/10.24433/CO.1401080.v1. All analyses were
performed using Python 3.8.5.
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