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Record thermoelectric figure of merit in Bi,_,Sb,

".) Check for updates‘
achieved by 1-D Landau level quantizationf
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Landau-level quantization confines electrons to a one-dimensional motion, generating a nearly 5-like
energy distribution of the density of states that enhances the Seebeck coefficient and produces a high
zT in an otherwise three-dimensional system. This mechanism is shown experimentally to create a
record figure of merit of zT = 2.6 £ 0.26 at 100 K in an optimally n-type-doped single-crystalline
BiggSbi» topological insulator, in a magnetic field of 0.4 T that is easily reached with permanent
magnets. The result is confirmed to be reproducible on two samples and using two different
measurement methods. The alloy is unique in that Landau levels are still distinct at 100 K. Quantization

Received 15th January 2025,
Accepted 21st February 2025

more than doubles the Seebeck coefficient and enhances the zT by a factor of 5 over the zero-field
value, confirming the significant role that the quantum effect can play in thermoelectric research,
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Broader context

especially in low-temperature cooling applications.

As environmental protection receives increasing attention, compressor-free techniques have gained appeal, particularly given the detrimental effects of
chlorine-based cryogens on atmospheric ozone. The development of solid-state cooling devices utilizing thermoelectric materials presents an effective method
for achieving cooling without compressors, because these materials can directly convert electricity into a temperature gradient. While significant advancements

have been made in room temperature thermoelectric cooling devices, those designed to operate between 200 K and liquid nitrogen temperatures remain
lacking. This study leverages a combination of quantum mechanics and thermoelectric principles to achieve a high figure of merit within the temperature
range of 100 K to 200 K. By implementing Landau levels, we achieved synergistic optimization of transport properties that is typically attainable only in
low-dimensional materials. Our findings hold great potential for application in cryogenic systems that do not rely on liquid helium.

Main

Thermoelectric energy conversion is an all-solid-state power
generation and cooling/refrigeration technology that is green-
house-gas free, maintenance free, vibration free, and has a very
high power density. However, the thermal efficiency is limited
by irreversible thermodynamic losses characterized by the
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thermoelectric figure of merit zT' = S*T/px, where S is the
Seebeck coefficient, T is the average temperature, p is the
resistivity, and « is the thermal conductivity." Thirty years
ago, Hicks and Dresselhaus predicted that the one-dimensional
(1-D) quantization of electron motion greatly enhanced zT by
enhancing S,> since the density of states of 1-D electrons is an
almost 8-shaped function of energy,” in contrast to that of three-
dimensional (3-D) electrons. The present paper reports the suc-
cessful embodiment of the 1-D quantum enhancement of zT in a
3-D solid using Landau-level (LL) quantization, which confines
electron motion to 1-D in the direction parallel to the applied
magnetic field B, while quantizing the motion in cyclotron orbits
in the plane perpendicular to it. The conversion from the classic
3-D transport into 1-D Landau levels by a magnetic field is briefly
summarized in Fig. 1(a). Based on this principle, we obtained an
experimental z7 of 2.6 & 0.26 at 100 K and 0.4 T, five times higher
than the zero-field value and comparable to those of the best
performance high-temperature thermoelectric materials, in the

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Landau level quantization enhanced magneto-thermoelectric performance. (a) and (b) Scenario of electrical transport in solids with the
corresponding DOS. At zero field, the electrons (red small balls) are constantly scattered. In this case, the DOS x vE holds. When a strong field is
applied, the electrons are subjected to the Lorentz force and move additionally in the cyclotron motion. The electrons enter the Landau levels at a high
field, with the DOS being §-shaped. (c) Upper: Band structure of pure Bi compared with that of BiggSbi, with doping. After alloying with Sb, the T-hole
band moves far from the Fermi energy, making it possible to remove the multi-carrier effect in Bi. Further doping can effectively move the Fermi energy
into the conduction band. Lower: Fermi surface of doped BiggSb;, viewed from the bisectrix axis, the direction of the applied magnetic field. In this view,
the three electron pockets are split into two types, namely, light bisectrix (LBX) and heavy bisectrix (HBX), with the projection being close to a circle and
cigar, respectively. The hole Fermi surface locates at the T point, which vanishes after alloying with Sb and electron doping. (d) Hall carrier concentrations
of different doping level BiggSbi, samples. (e) Field enhancement of zT in BiggSbi,. Without doping, the enhancement is maximized around 200 K, which
is dominated by a classical magneto-Seebeck effect.®> After optimal doping, the Landau quantization creates 5-like DOS that gives a quantum
enhancement to the zT, mainly happens near 100 K with a much higher amplitude. (f) Non-saturating Seebeck coefficient observed at high field for
the 10-ppm doped crystal. The quantum limit shifts to higher fields with an increasing temperature because of a higher carrier concentration.

class of precisely doped single-crystal BiggSby,, the first topological ~ zT of 14.'* Early experimental attempts focus on size quan-

insulator (T1).*

Because S, p, and « are interdependent on each other, the
optimization of zT has always been a challenge,® an approach
that synergistically optimizes the three transport parameters
has been scarce to date. In the past few decades, the main
success of high thermoelectric performance has been achieved
at high temperatures (>300 K) with a variety of material
engineering techniques,” while a high-performance, low-
temperature thermoelectric material remains absent except
Bi,_,Sb,,”® particularly near the liquid nitrogen temperature.’
In metal/heavily doped semiconductors, S is the energy deriva-
tive of the energy-dependent electrical conductivity o(E)."°

n’ k dlng(E)
5= B (07 @

Here, o(E) is the energy-dependent electrical conductivity, kg is
the Boltzmann constant, and e is the elementary charge.
Based on eqn (1), Mahan and Sofo proposed that a &-like
distribution of the electronic density of states (3-DOS) is ideal
for high thermoelectric performance with the highest possible

This journal is © The Royal Society of Chemistry 2025

tization, for instance, an enhanced Seebeck coefficient is
achieved in Bi nanowires,'* and enhancement in zT is observed
in Si nanowires™ due to a reduction of the thermal conduc-
tivity. Nevertheless, because the amount of power in a thermo-
electric generator or cooler is proportional to the sample
volume, a 3-D solid with 1-D transport is highly preferred over
nanowires.

LL quantization achieves this and occurs in the Bi;_,Sb,
class of narrow-gap semiconductors at up to 100 K. Note that
LLs were originally discovered less than a century ago by
observing the Shubnikov-de Haas (SdH) oscillations in the
end member of this class, semimetal Bi.'* In order to realize
LL quantization in a BiggSby, topological insulator, precise
tuning of the Fermi energy into the conduction band is essential.
For pristine BiggSb,,, a strong magneto-Seebeck effect and high
magneto-zT have been realized;>® however, there is an absence
of Shubnikov-de Haas (SdH) oscillations even though the mobi-
lity is as high as 8 x 10° ecm® V™' s7' (at 80 K).> We, herein,
therefore performed optimal Fermi energy tuning in the
conduction band by ppm-level Te doping. Owing to the high
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mobility and suitable Fermi energy, SAdH oscillations starting
from a low field (<0.1 T) at 2 K and LL quantization are
observed in a single-crystalline Te-doped BiggSb;, topological
insulator. As a consequence, the electron motion transverse to
the field is then quantized onto the LLs, developing a §-DOS
(Fig. 1(b)) that meets the Mahan-Sofo criterion'' and signifi-
cantly enhances the zT (80 to 160 K). This new approach based
on quantum mechanical rather than classical transport greatly
improves the zT of BiggSby, at fields sufficiently low to be
generated by a permanent magnet, which is very desirable in
practical applications.

Pure Bi is a classic semimetal with an equal density of
electrons and holes."” In Bi, electrons and light holes form
symmetric bands centered at the L-points of the Brillouin zone
(BZ), whereas a heavy hole band is populated at the T-points."®
Alloying pure Bi with Sb results in a decrease in the lattice
constant, which decreases the energy of the T-hole band and
decreases the direct band gap of the L-point electrons and
holes, eventually inverting these bands and creating direct-gap
semiconducting topological insulators for x > 7%."”'® Fig. 1(c)
shows the band structures of pure Bi and 12% Sb-alloyed
BiggSby,. Ideally, for the pristine BiggSb,,, the Fermi energy
locates in the mid-gap. The L-point pockets of both are almost
mirror images, except for the band inversion and the dis-
appearance of the trivial band at the T-point that makes
BiggSby, a topological insulator.* To locate the Fermi energy
into the conduction band, n-type doping is necessary. Experi-
mentally, we prepared multiple BiggSb;, single crystals by the
horizontal zone melting technique with different nominal
doping levels of 0, 10, and 50 ppm of Te, with the Fermi
energies schematically shown as the dashed lines in the upper
panel of Fig. 1(c). The actual Te concentrations in the crystal
were tested by inductively coupled plasma (ICP) measurement
and the results are briefly summarized in Table S1 (ESIT). After
doping, the Fermi surface of n-type doped BiggSb,, viewed into
the bisectrix axis is shown in the lower panel of Fig. 1(c). The
electron pockets are slightly tilted in the I'-L direction. Viewed
along (010), the direction along which the field is applied here,
the electron Fermi surface cross-sections fall into two groups: a
nearly circular light bisectrix (LBX) and two elliptical anisotro-
pic heavy bisectrices (HBXs).'>*° The T-hole band is shown as a
dashed oval since it is far from the Fermi energy after doping;
it does not contribute to transport below about 200 K.

Transport properties are measured along the trigonal direc-
tion with the highest mobility. The zero-field transport proper-
ties of the three crystals are summarized in Fig. S1 (ESIt). The
increased Hall carrier concentrations ny; in Fig. 1(d) confirm
that the Fermi energies of the doped samples are shifted toward
the conduction band. At 20 K, the ny increases from 7 x
10" em ™ in the undoped sample to 7 x 10" cm™* for the
nominal 50-ppm crystal. For all crystals, ny increases with
temperature because of the thermal excitation of the intrinsic
carriers. Among the three crystals, the 10-ppm crystal is optimally
doped and shows the best 2T (details later). A zT-comparison
between the pristine and doped BiggSb;, crystals is summarized
in Fig. 1(e). For the 10-ppm crystal, the zT' measured at zero field
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is shown as a red curve, labeled as z7(B,); the zT measured at
optimal field (Bopr, with the highest zT at each temperature) is
shown as a purple curve, labeled as zT(Bopr). Notably, zT(Bopr) is
five times higher than z7(B,) at 100 K. Moreover, we compared
the present result to our previous result without LL quantization,
as shown by the blue curve. Obviously, there is a great enhance-
ment of the present work compared to our previous report, and
the current best zT of 2.6 at 100 K is 2.2 times higher than that of
the previously reported result,® suggesting the significance of LL
quantization in zT enhancement. This high zT also provides the
opportunity for thermoelectric device fabrication near liquid
nitrogen temperature. At high temperatures above 100 K, the
intrinsically excited carriers become dominant in transport and
the quantum enhancement gradually vanishes.

Proven as a topological insulator, the quantum enhancement
arises from the linear Dirac bands rather than the topological
surface states. Predicted by theory,”* a non-saturating magneto-
Seebeck effect is expected with the topological linear bands in
the extreme quantum limit (EQL) when all carriers are on the last
LL, which is exceptional compared to parabolic bands. This
is observed in the present system: Fig. 1(f) reports high-field
measurements of the Seebeck coefficient up to 9 T. At tempera-
tures up to 100 K, the high-field thermopower increases linearly
with the field, which has been absent in previous reports.®** The
large, non-saturating magneto Seebeck effect provides evidence
to distinguish this study from the previous ones, and highlights
the importance of the quantum mechanical contribution to
thermoelectric performance. The EQL increases from 1.2 T to
4.2 T in this sample because ny increases as well. The peak z7 is
observed at 100 K but at a field where 2 or 3 LL’s are filled. This
provides evidence for the quantum LL nature of the zT enhance-
ment. Above 100 K, ny increases with T (Fig. 1(d)) due to the
appearance of thermally excited holes and electrons. This
reduces the peak zT, but not dramatically and the zT enhance-
ment persists up to 180 K. Similarly, at T > 100 K, the non-
saturating Seebeck coefficient vanishes progressively (ESL+
Fig. S2(b)).

Field-dependent thermoelectric transport properties

The magnetic field dependence of S, p, and k with B along the
bisectrix direction are given next. The 10-ppm doped sample
shows the best thermoelectric performance, as summarized in
Fig. 2; the undoped and 50-ppm doped samples are under- and
over-doped, respectively (as summarized in Fig. S3 and S5,
ESIt). For the 10-ppm crystal, a series of sample characteriza-
tion studies, including the crystal quality, phase purity, com-
positional homogeneity, is summarized in the ESI,{ Fig. S6-S8,
to show its high crystal quality. Additionally, transmission
electron microscopy (TEM) measurement was executed to elim-
inate any possible microstructure and to guarantee the bulk
transport behavior. Fig. 2(a) shows the low-temperature SdH
oscillations of p in the 10-ppm crystal. Below 10 K, they are
clearly resolved starting from a very low field (<0.1 T).
p decreases to a local minimum for 0.1 T < B < 0.5 T.
At and above 1.2 T, which is shown later to be the EQL for
HBX carriers, p increases monotonically with B. Oscillations

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Transport properties of a 10-ppm Te-doped BiggSby, single crystal under a magnetic field. (a) Low-temperature (2—-8 K) field dependence of
resistivity. A clear SdH effect is observed, from which we resolve the size of the Fermi surface, which is much smaller than that in pure Bi. (b) Higher
temperature in-field resistivity. SdH oscillations are still resolved up to 100 K because of a small effective mass and high mobility; they gradually vanish
above 100 K. (c) Seebeck responses. An oscillatory signal can be clearly observed below 100 K. Above 100 K, it shows the behavior of a thermally excited
semiconductor. (d) Power factor. Due to the negative in-field resistivity, the power factor reaches the maxima at low field and low temperature, with the
peak value over 60 mW m~1 K2, (e) Thermal conductivity. The thermal conductivities at all temperatures decrease with the field, and almost turn flat at
2 T because of the field suppression of the electronic thermal conductivity. (f) zT. A peak zT = 2.6 is achieved at 100 K, 0.4 T, because of the positive
magneto-Seebeck, as well as negative magnetoresistance and magnetothermal conductivity.

below 1.2 T are plotted as functions of 1/B in the embedded
figure. Analysis of Ap vs. 1/B gives a period of 1.5 T~" related to

-1
the Fermi surface area (Sg) by S = %(A%) , which gives
Sp = 6.35 x 10" em 2. The resolved Fermi surface pockets are
HBX pockets, which, in elemental Bi, have an area Sy = 2.37 X
10" cm ™. The Sy of the 10-ppm doped BiggSb,, crystal is 27%
of the Sg of Bi because of a smaller carrier concentration. The
resolved carrier concentration 7 of the doped crystal is approxi-
mately 4.2 x 10" cm ™3, much lower than ny, because of the
Fermi surface anisotropy.>* The 7 from SdH oscillations will be
used exclusively here for modeling in the theoretical part. The
higher-temperature in-field p (B) is shown in Fig. 2(b). Weak
SdH oscillations can be resolved up to 100 K because of the
ultra-small effective mass of the electrons.’”” The negative MR
observed at T < 100 K is the remnant of the SdH oscillations.
Phonon scattering is then decreased by decreasing the phase
space for the scattered electrons from 3-D to 1-D. A positive
bipolar appears in all fields above 100 K again because of
minority carrier excitation.

Fig. 2(c) shows the field dependence of the Seebeck coeffi-
cient S(B) at various temperatures, clearly displaying SdH
oscillations at 20 and 50 K and remnants at 100 K, which we
will model in the next section. At T < 100 K, |S| slightly
increases with the field below 0.1 to 0.5 T, and then remains
high up to 1 T. The low-field increase in |S| and decrease in p
are associated with the transition from a 3-D to a 1-D LL system,

This journal is © The Royal Society of Chemistry 2025

when the system transitions from a scattering-limited resistivity
at zero field to a largely LL-confined quasi 1-D system with
uB > 1. Because of the minimum in p and maximum in |S]|,
the power factor $*/p is maximized at low field below 100 K,
as shown in Fig. 2(d). The highest power factor is achieved at
80 K, with a magnitude of over 60 mW m ™" K>, Fig. 2(e) shows
the field-dependent thermal conductivity results. At all tem-
peratures, k is already nearly as low as in many classical
thermoelectric alloys at zero field because alloy scattering
limits the lattice contribution. The field further depresses
due to the suppression of the electronic contribution. Although
the lattice contribution is dominant at low temperatures, the
electronic contributions become significant at 50 K and ambi-
polar one above 100 K; the magnetic field can suppress the
latter two and increase zT. Interestingly, both p and x decrease
with the field, which seems a violation of the Wiedemann-
Franz law (k. = LTo) if L is assumed to be its free electron value.
We propose that the magnetic field strongly affects the Lorenz
ratio L because the electron-phonon interaction is affected by
the magnetic field following the same phase space argument
used to explain the negative MR. As a non-magnetic material,
the lattice thermal conductivity is not expected to be affected by
the magnetic field. An early study showed that the Wiedemann-—
Franz law is obeyed at zero field with this assumption.>*

The zT of the 10-ppm doped BiggSb,, single crystal at various
temperatures and fields are calculated from the S, p, and
K, obtaining a remarkable value of z7T of 2.6 at 100 K, 0.4 T,

Energy Environ. Sci., 2025, 18, 3376-3384 | 3379
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which is approximately five times higher than the zero-field
value. Thermally excited carriers gradually reduce the overall
|S| above 100 K, and the peak zT decreases. At 180 K, a zT of 2 is
maintained at 1 T, which is the highest practical field achiev-
able with permanent magnets; therefore, it is still practical for
thermoelectric cooling applications.

Temperature-dependent thermoelectric transport properties

To better illustrate the figure of merit change with temperature,
we replot the temperature-dependent transport properties at
various set fields from 0 to 1.5 T, as shown in Fig. 3. Fig. 3(a)
shows p(T) with the field. At 0 T, p increases monotonically with
temperature following a doped semiconductor behavior. The
lowest p is achieved at a finite field (from 0.1 to 0.5 T), as
explained above. When the magnetic field is above 1 T, a sharp
increase in p is observed with a decreasing temperature, which
is harmful for a high zT. |S| also changes non-monotonically
with T (Fig. 3(b)). |S| is the maximum when a few LLs are filled,
between 0.1 and 1.5 T, and z7T is the maximum in the field
range where |S| is maximized and p is small. Fig. 3(c) shows the
temperature-dependent power factors under different magnetic
fields. From 0.3 T to 0.7 T, the power factor peaks at 80 K, right
before the thermal excitation starts. In this range, the quantum
mechanical enhancement of the Seebeck coefficient dominates
the increase in the power factor. Above 1 T, the power factor
reaches its maximum between 160 K and 180 K, when the
classic magneto-Seebeck effect becomes crucial. Fig. 3(d) shows
the temperature-dependent k. x decreases monotonically with

View Article Online
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applied field due to the suppression of the electronic or
ambipolar contribution. The thermal excitation above 100 K
can simultaneously reduce the Seebeck coefficient and elevate
the thermal conductivity, as shown in Fig. 3(b) and (d), irre-
spective of the magnetic field. Therefore, the best zT is observed
at 100 K, when a high |S| and low p and k are achieved
simultaneously at approximately 0.3-0.4 T, as illustrated in
Fig. 3(e).

The high performance of the present Te-doped BiggSb;, is
remarkable, which is not only higher than those reported for
undoped samples in the literature,””>?> but also comparable to
the high zT values obtained for the best high-temperature
materials, as illustrated in Fig. 4(e).”*™' Such a strong
magneto-Seebeck effect and significantly enhanced magneto-
2T, together with our previous result in undoped BiggSb,,® and
other topological systems like CdsAs,,***® highlight the great
potential of magneto-thermoelectrics in topological materials
for revolutionizing thermoelectric performance. The present
work, wherein LL quantization and a quasi-1-D transport
regime is realized in optimally doped BiggSb,, to reach a zT
> 2.5 below 300 K, opens new avenues for high-performance
thermoelectric materials’ design and thermoelectric cooling
applications.

Theory of Landau quantization enhanced Seebeck coefficient

To prove that the enhancement of |S| in the 0.1 to 1 T range is
due to LL quantization, we use the simple model reported
by Skinner and Fu,>' valid when pB >» 1 in BiggSby, with

0.5 0
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Fig. 3 Temperature-dependent thermoelectric transport properties. The resistivity, Seebeck coefficient, power factor, thermal conductivity, and figure
of merit zT at various applied fields are illustrated in (a)—(e), respectively. Below 100 K, a non-monotonic change is observed in the resistivity and Seebeck
coefficient measurements because of the SdH oscillations, whereas the thermal conductivity decreases with temperature and the applied field. Above
100 K, the 10-ppm Te-doped crystal behaves close to the undoped BiggSb;, because the thermally excited carrier starts to dominate the transport
properties. The best zT of 2.6 is achieved at 100 K, and in a wide range of temperatures, from 80 to 160 K, a zT > 2 can be expected. (f) Comparison
between the Te-doped BiggSb;, and the other high-temperature thermoelectric materials. The current zT is higher than that of most thermoelectric
materials, showing the significance of the quantum effect in the low-temperature thermoelectric research.
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Fig. 4 Theory analysis and reproducibility. (a) The Landau fan diagram of the 10-ppm Te-doped BiggSb1,. Based on the band parameters of BiggSbs,, the

fan diagram of the LBX and HBX are plotted separately in red and blue. The Fermi energy is calculated from a carrier concentration of 4.2 x 10 cm™>.

The system should enter the quantum limit at 1.2 T, which is consistent with the experimental transport data. (b) Comparison between the theoretical and
experimental in-field Seebeck coefficient modeled at different temperatures and fields. Solid lines are theoretical predictions, and the dashed lines are
experimental values. (c) Reproducibility of the high zT. A second crystal b is measured, with a result close to that of the original crystal a. A peak zT of 2.3 is
achieved, along with a wider range of zT > 2 from 80 to 200 K. (d) Field dependent zT of b at selected temperatures, resolved from the zT calculation

(solid lines) and Harman test (full circles). The raw curves of the Harman test are shown in Fig. S10 (ESI¥).

Dirac band dispersion. The carrier concentration was taken as
n = 4.2 x 10 cm™®, which was obtained from the SdH
frequency. Noting that the band structure of BiggSb;, is almost
exactly the mirror image of that of elemental Bi, except for the
absence of T-point holes and the inversion of the symmetric
and antisymmetric bands at the L-point of the BZ, we used the
detailed LL diagram and effective masses published for the LBX
and HBX Bi L-point electrons shown in Fig. 4(a).'® The calcu-
lated Seebeck coefficient is shown in Fig. 4(b). The calculations
reproduced the measured field and temperature dependence of
S almost quantitatively to 100 K, establishing the validity of the
model and attributing the large zT to 1-D LL quantization. The
slight difference may come from a finite number of minority
holes as well as Fermi surface anisotropy.

Reproducibility of the high thermoelectric performance

To illustrate the sample-to-sample reproducibility, we measured
a second 10-ppm crystal (denoted as b) and compared it with the
first crystal (denoted as a). We discovered that an unintentional
slight variation in the carrier concentration resulted in the
peak zT of sample b being slightly lower than that of sample a,
but the high zT of sample b was achieved over a wider tempera-
ture range than that of sample a, which can be observed in

This journal is © The Royal Society of Chemistry 2025

Fig. 4(c). Sample b shows a peak 2T of 2.3, with zT > 2 from 80 to
225 K and improved performance up to 300 K. The transport
properties of sample b are shown in Fig. S4 (ESIt). Because the
claim of a record zT requires the confirmation of the results
using more than one measurement method,*” we also performed
the Harman test on crystal b, as shown in Fig. 4(d). The Harman
zT is determined by the ratio between the adiabatic resistivity p,
and isothermal resistivity p;, via 2T = p,/p; — 1.*® The Harman zT
is plotted as full circles together with the transport-calculated zT
(lines). This agreement proves the reliability of the reported
enhancement in zT.

Summary and outlook

In summary, a record 27 of 2.6 is obtained at 100 K and 0.4 T in
the 10-ppm Te-doped BiggSb;, single crystal, which is attributed
to the LL quantization enhancement. The 1-D quantization
distorts the density of states into the 6-shaped energy distribu-
tion of the density-of-states and enhances the figure of merit.
This approach not only produces the high zT at cryogenic
temperatures on par with the best high-temperature thermo-
electric materials but also opens a new venue of research for
thermoelectric cooling based on the topological materials with
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high magnetic field tunability. Furthermore, we highlight that
precise ppm-level doping is essential for realizing the LL
quantization by pushing the Fermi energy into the optimal
level in the conduction band of the BiggSby, topological
insulator. This can be instructive for future studies in but not
limited to the Bi;_,Sb, system. Most importantly, we expect
more studies using LL quantization to greatly enhance the
thermoelectric performance in topological materials, providing
a wide material platform for thermoelectric cooling applica-
tions and thermal management in the future.

Methods

1. Crystal growth

The single-crystal BiggSby, is grown using a traveling molten
zone method.® To achieve high-quality crystals, 99.9999% Bi is
essential, and it was purified by zone melting before use. 6N Bi,
Sb, and Te from Alfa Aesar are used in this study. For the doped
samples, a piece of Bi containing 0.1% Te was prepared first
and then further diluted to the desired Te concentration. For
the BiggSby, alloy, the seed and feed were prepared separately
following the phase diagram. The use of the seed-feed method
can minimize the super cooling effect. Pure Bi, Sb, and 0.1%
Te-doped Bi were weighed by stoichiometry and loaded into
quartz ampoules. The ampoules were sealed under vacuum of
3 x 107> mbar and loaded into a box furnace. Polycrystals
were first prepared by melting the seed and feed at 700 °C, with
frequent shaking of the ampoules for composition homogene-
ity. The ampoules were quenched to room temperature to
minimize the phase segregation introduced by the super cool-
ing procedure. In this study the seed and feed are selected as
BigeSb, and BiggSb,,. The obtained seed and feed were cut to
have flat ends, physically attached next to each other, and
resealed in a second quartz ampoule for further single-crystal
growth. A home built horizontal zone melting furnace is used
for the crystal growth, and the growing process started at a
speed of 1 mm per hour. The as-grown crystals were cleavable
with the cleavage plane perpendicular to the trigonal axis.

2. Crystal characterization

Powder diffraction was obtained using the X-ray Guinier tech-
nique (Huber G670 with Cu K, radiation). Single-crystal Laue
diffraction analysis was performed using a Bruker single-crystal
diffractometer. The chemical composition of the sample was
determined by point and area measurements using EDX
(energy dispersive X-ray) spectroscopy in a scanning electron
microscope (JSM 7800F, Jeol). At an excitation voltage of 10 kv
and a beam current of 630 pA, the spectra were recorded with a
silicon drift detector (SDD) (Quanta 400 EDX system, Bruker-
Nano). The element concentrations were calculated from the
intensities of the Bi M and Sb L lines using the matrix correc-
tion model eZAF (Benchmark EDS-analytical software). A series
of sample characterization, including optical imaging, XRD,
and SEM, are shown in ESI,¥ Fig. S6-S8. A cross-sectional
lamella for scanning transmission electron microscopy (STEM)
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analysis was obtained using a standard focused ion beam (FIB)
lift-out procedure with a Thermo Fisher Scientific Helios
NanoLab G3 CX FIB. The STEM images were collected in a
high-angle annular dark-field (HAADF) configuration on a
double-aberration-corrected JEOL ARM300F instrument operat-
ing at 300 kv with a probe convergence semi-angle of 30 mrad.
The STEM images are shown in Fig. S9 (ESIf).

3. Transport property measurements

All transport measurements were performed using a Quantum
Design Physics Property Measurement System (PPMS). The elec-
trical transport (resistivity and Hall) was measured using the built-
in electrical transport option (ETO) of the PPMS. The thermal/
thermoelectric transport was measured using a one-heater, two-
probe steady-state method with a breakout box. The precision
voltages were measured using Keithley 2181A nanovoltmeters.
In this set of experiments, we used a type-E thermocouple for
thermometry, with no obvious field dependence expected down to
20 K. All field-dependent data were interpolated for zT calculation.
As the resistivity and thermal conductivity were measured using
the same mount, the geometrical uncertainty was limited to 15%,
but it still was the dominant factor.

Throughout the study, the field was parallel to the bisectrix
direction (010), and an electrical/heat current was applied along
the trigonal direction (001). The sign convention follows the
Gerlach convention of transport coefficients, where a negative
Hall slope indicates that electrons are the majority carriers.

4. Harman test of the figure of merit

The Harman®® test was performed in situ on the transport sample.
We performed a DC resistance measurement under a current
pulse, first reading the voltage V; immediately after the pulse
was applied when the sample was still at a constant temperature.
Under the current, the sample developed a temperature gradient
owing to the Peltier effect; the voltage V, was read after the
gradient reached a steady state. The Harman z7 was then zT =
Va/Vi — 1. A Keithley 6220 current source was used for the DC
current supply, and a Keithley nano-Voltmeter 2182A was used for
the voltage measurement. A current of 10 mA was applied to the
sample and the voltage was recorded simultaneously. A total of
200-300 time-step points were recorded until the voltage reached a
steady state. LabVIEW software was used for measurement control
to collect a precise isothermal voltage V; and the time evolution of
the voltage until the adiabatic value of V,. The raw curves of the
Harman test are shown in Fig. S10 (ESIt).

5. Theory and calculations

To account for the thermopower of BiggSb;, under magnetic
fields close to the quantum limit, the system was treated in the
Landau level regime. Electrons from the pockets at the L points
in BiggSb,, were described as Dirac fermions. The Landau level
diagram was then calculated as

2 2.2
hzv ] + 12v2k2

e = sign(/) I

This journal is © The Royal Society of Chemistry 2025
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The average Fermi velocity v was assumed as 4 x 10° m s~ ',
and [ is the Landau level index. The Fermi level is determined
from n as follows. The density of states is eBk/(4n’/) on each
level. For a given value of Er and the LL diagram at each field,
the Fermi wavevector kg ; on each level can be derived. The sum
over all levels of eBky ;/(4n’) gives the carrier concentration in
degenerate statistics; setting this equal to n gives the value of Eg
at each field, also plotted in Fig. 4(a). The Seebeck coefficient of
the Landau level system was calculated based on the model
reported by Skinner and Fu.**

5=t N Jw f: [fInf + (1 —/)In(1 —f)]

e mnlg? 2w

where kg is the Boltzmann constant, e is the elemental charge,
n is the carrier concentration, /3 is the magnetic length, and

(18> = %), fis the Fermi Dirac distribution (f(g) = {1 + exp[(e —
e

Ep)lkgT]} ). Ny is the degeneracy of the Fermi surface pockets.
To account for the LBX and HBX in this anisotropic system,
here we assign N, to be 1 for LBX and 2 for HBX with the spin
degeneracy lifted under magnetic fields. The Fermi level Ex was
determined by the carrier concentration n = 4.2 x 10'® cm 7,
obtained by solving the quantum oscillation. As the magnetic
field intensity increases, the Fermi level decreases as the
density of states increases. When the magnetic field is suffi-
ciently large, the system enters the extreme quantum limit with
only the zeroth Landau level left, resulting in a non-saturating
Seebeck coefficient at low temperatures.

6. Uncertainty analysis

In the transport measurement, the uncertainty in the Seebeck
measurement, which is of the order of 5%, comes from
the uniformity of the sample. In the temperature range of
interest, particularly from 80 to 200 K, the field depen-
dence of the thermocouple sensitivity is below 2% and is
neglected. For the resistivity and thermal conductivity, the
uncertainty mainly originates from the geometrical uncer-
tainty, particularly the size of the longitudinal contacts. The
magnitudes of the uncertainty in x and p were estimated to be
5% each, but this geometric uncertainty was canceled out in
the zT calculation. We found a 3% change in the heater
resistance when it was cooled from 300 to 20 K. Additionally,
a 1-3% temperature uncertainty was generated when the
temperature gradient is applied to the sample. As a result,
the total uncertainty in the z7T calculation is estimated as
10% =+ 1%.

The uncertainty in the Harman method is due to the
difficulty of precisely determining the initial voltage V;. This
uncertainty is larger at a low field, where it can reach 25% at
100 K. With an increasing field, this error turns smaller, with a
magnitude of 10% at 1 T and 3% at 2 T. The uncertainty of
the Harman method is represented by the error bars shown in

Fig. 4(d).

This journal is © The Royal Society of Chemistry 2025
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