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Thermomagnetic generation (TMG), a heat-to-electricity conversion technology based on the thermomagnetic effect,
offers high reliability and broad adaptability to diverse heat sources. By exploiting the temperature-dependent magnetiza-
tion of thermomagnetic materials, TMG converts thermal energy into electrical energy through cyclic changes in magnetic
flux based on Faraday’s law. The performance of TMG systems is largely governed by the intrinsic properties of the
working materials and the design of device architecture. Ideal TMG materials exhibit sharp and reversible magnetization
transitions near the operating temperature, low thermal hysteresis, and high thermal conductivity. Device configurations
can be broadly categorized into active and passive systems: active TMG devices rely on controlled thermal cycling and op-
timized magnetic circuits for enhanced output, whereas passive devices utilize self-actuated mechanical motion to generate
electricity. In this topical review, we provide a comprehensive overview of recent advances in TMG materials and device
configurations. Furthermore, we discuss future development trends and offer perspectives on experimental strategies to

advance this field.
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1. Introduction

Waste heat, an inevitable byproduct of energy conversion
processes governed by the second law of thermodynamics, ex-
ists in various forms and temperatures.!'?! While high- and
medium-grade waste heats (above 230 °C) can be efficiently
recovered due to their concentrated sources and higher ther-
modynamic efficiency, low-grade waste heat (below 230 °C)
is often underutilized because of its dispersed distribution and
limited conversion efficiency.[>*! However, low-grade waste
heat accounts for over 60% of the total recoverable thermal en-
ergy and offers significant potential for energy savings and car-
bon emission reduction.>®! Therefore, despite existing tech-
nical challenges, the efficient recovery and utilization of low-
grade waste heat is essential for meeting growing energy de-
mands and promoting sustainable energy systems.

Over the past few decades, considerable efforts have
been devoted to developing alternative technologies for har-
vesting low-grade waste heat. Current approaches are pri-
marily based on thermoelectric,!”™" pyroelectric,[1%13] and

14,15

thermomagnetic!!*!3] effects. Among them, thermoelectric

generators (TEGs), which operate via the Seebeck effect, are
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the most extensively studied. However, TEGs typically require
a large temperature gradient to achieve meaningful power out-
put, and their energy efficiency drops significantly when the
heat source temperature falls below 200 °C, limiting their ef-

1161 pyroelec-

fectiveness for low-grade waste heat recovery.
tric generators (PEGs) generate current by cyclically exposing
the material to hot and cold environments. Despite their fast
response and high conversion efficiency at the device level,
their low output current, high internal impedance, and limited
power density restrict their use in large-scale applications.!!”!
The Organic Rankine Cycle (ORC) can achieve relatively
high efficiency in low-temperature ranges, but its reliance
on organic working fluids raises environmental concerns
due to potential emissions.['®) Additionally, liquid-state en-
ergy harvesting techniques from low-enthalpy sources, such
as thermomagnetic hydrodynamic systems,!!”! pyroelectric
microgenerators,??! and triboelectric harvesters,>!"*?! have
shown promise in powering microsystems and wearable elec-
tronics. Nonetheless, issues such as nanoparticle deposition
in magnetic fluids and difficulties in liquid control continue to
hinder their practical implementation. %11

A fundamentally different approach to thermal-to-
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electrical energy conversion is thermomagnetic generation
(TMG), which directly exploits the thermomagnetic effect,
that is, the strong temperature dependence of magnetization
in ferromagnetic materials undergoing sharp phase transitions
In the late 19th century,

Tesla and Edison described early TMG concepts for convert-
2324

near their transition temperature.
ing heat into mechanical or electrical energy.'”>>*! However,
early materials such as iron (Fe) proved impractical for waste
heat recovery due to their high Curie temperature (I¢) and
low conversion efficiency.?>?% Later, Kirol and Mills con-
ducted numerical analyses of regenerative TMG systems us-
ing Fe, HogoFes3;, and Gd as working materials.>”] Although
Fe and HogoFe3; demonstrated higher theoretical power den-
sities than Gd, their 7Tc (1043 K and 77 K, respectively) ren-
dered them unsuitable for practical applications. Gadolinium
(Tc = 292 K), with a more appropriate operating tempera-
ture near room temperature, became the most viable TMG
candidate, despite its relatively low power density. These
limitations stalled further exploration of TMG for several
decades. In recent years, interest in TMG has re-emerged,
driven by advances in high-performance magnetic materials
and improved exploration of thermal transport interfaces. No-
tably, the requirements for TMG materials largely overlap
with those of magnetocaloric effect (MCE) materials,[28-30]
leading to renewed focus on MCE systems as potential TMG

31331 In 2011, Srivastava et al.®¥ demonstrated

candidates. !
that the multiferroic Heusler alloy Nig5sCosMnsgSnjg, which
undergoes a first-order magnetic transition (FOMT) from fer-
romagnetic (FM) austenite to weakly magnetic martensite,
exhibited promising TMG properties. More recently, typi-
cal MCE materials such as Gd, Gds(Si, Ge)s, NiMn-based
Heusler alloys, and La(Fe, Si);3H,/In composites have been
reported to possess strong potential for TMG applications. 3]
Nevertheless, identifying materials that combine high TMG
performance with compatibility for low-grade waste heat har-
vesting remains a significant challenge.

TMG devices can generally be categorized into active and
passive types based on their energy conversion mechanisms.
Active devices rely on externally controlled thermal cycling
and engineered magnetic circuits to directly convert heat into
electricity through magnetic flux changes, offering stable and
continuous output suitable for system-level integration. These
devices typically feature optimized coil designs, magnetic
shielding, and thermal interfaces to enhance performance. In
contrast, passive TMG devices utilize thermally induced me-
chanical motion, such as in thermomagnetic oscillators and
Curie wheels, where motion is driven by periodic magnetic
phase transitions under thermal gradients. These systems are
self-actuated and advantageous for low-maintenance or remote
scenarios. However, both types face challenges: active devices
often suffer from inefficient heat transfer and scaling limita-

tions, while passive systems struggle to maintain stable me-
chanical motion under variable conditions. Overcoming these
limitations will require not only improved materials but also
advancements in thermal management, magnetic circuit de-
sign, and hybrid integration strategies.

In this review, we highlight our recent progress in TMG
research and provide a comprehensive summary of advance-
ments from both materials and device perspectives. We dis-
cuss key material properties such as phase transition behavior,
magnetization change, and thermal stability, as well as the evo-
lution of device architectures from early designs to integrated
systems. Finally, we outline current challenges and future di-
rections to guide the development of high-performance TMG
materials and scalable device solutions for efficient low-grade
heat recovery.

2. The thermomagnetic cycle for harvesting
waste heat

As the foundation of TMG, the thermomagnetic cycle de-
fines how magnetic and thermal energy interact to produce
electrical output. Figure 1(a) illustrates an ideal thermomag-
netic cycle consisting of four steps. In step I, the TMG mate-
rial is initially at ambient temperature, below its ¢, and ex-
hibits a high magnetization (Moq). At this stage, a magnetic
field (H) is applied isothermally, reducing the Gibbs energy of
the material. In step II, low-grade waste heat (Qj,) is used to
raise the material’s temperature above T¢, leading to a sharp
decrease in magnetization to My In step III, the magnetic
field is removed, and only a small amount of Gibbs energy is
required to maintain the system. In step IV, the hot material
is cooled back to ambient temperature, completing the cycle
and restoring Mcq1q4. During the cycle, the change in Gibbs en-
ergy, expressed as UWAMH, is harnessed to generate electrical
energy, where [ is the magnetic permeability of free space and
AM = Mo1a— Mo 1s the magnetization difference that deter-
mines the energy conversion capability.”!

Figure 1(b) shows the schematic view of a proposed TMG
device. The TMG material is positioned above a permanent
magnet that provides a background magnetic field and is sur-
rounded by a pickup coil. When the material undergoes pe-
riodic heating and cooling, its magnetization changes due to
thermally induced magnetic transitions between ferromagnetic
(FM) and paramagnetic (PM) states. This variation alters the
magnetic flux through the coil, and, according to Faraday’s
law, an alternating current (AC) is continuously generated in
the coil. This mechanism enables the direct conversion of ther-
mal energy into electrical energy without any moving parts.
As aresult, thermomagnetic generation offers a promising ap-
proach for efficient and reliable harvesting of low-grade waste
heat.[3°!
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Fig. 1. (a) A TMG material is subjected to four steps within a thermomagnetic cycle.!®! (b) A schematic view of the proposed TMG device.

3. Soft magnetic materials for TMG

3.1. Key performance metrics of TMG materials
3.1.1. Magnetization change (dM/dT) and tempera-
ture change (d7/dr)
According to Faraday’s law, the induced current (/) in the
coil can be expressed as!37-381

R R dt

where E is the electrodynamic potential, N is the number of
coil turns, S is the cross-section area of the coil, and dB/d¢
is the change rate of magnetic flux. For a given TMG device,
the product NS is constant and independent of the material.
Therefore, the induced current depends on dB/dr, which in
turn is influenced by the magnetization change rate dM/dt
(since B = uo(H + M)).13%4% This rate can be further decom-
posed as (dM/dT)(dT/dt). Hence, superior TMG perfor-
mance requires both a large magnetization gradient (dM/dT)
and a rapid temperature response (d7/dt).

3.1.2. Energy conversion efficiency

The relative energy conversion efficiency (7ye]) character-
izes the capacity of TMG materials to convert thermal energy
into electrical energy during one thermomagnetic cycle, and is
defined as!!8-3>]

Tabs o Tabs
TCarnot B Thot — Teold

Nrel = Thot, ()

where Ncamot 18 the theoretical Carnot efficiency, Tho and Torq
are the temperatures of hot and cold ends, respectively. The

absolute efficiency (1) is given by!!7-3%-31
E
Nabs = éUt, (3)
mn

where Eq, represents the net magnetic energy output. Assum-

ing energy is gained by the voltage source, the output energy

can be written as!!7-35-39]

Eout = _MOHAM' “)

The thermal energy input (Qj,) is determined by integrating

the heat capacity over the working temperature range: 3"’
Thot
Qu=p [ Co(T)ar. 5)
Teold

36]

where Cp(T) is the specific heat of the material. Therefore, to
improve thermodynamic efficiency, materials should exhibit
both a high AM and a low Qjj.

3.1.3. Power density and cost index

The average power density (Pp_ave) measures the elec-
trical power output per unit volume and is calculated as
follows: [*1]

ftvz(t)dt
0

—ave = ——— 6
H) ave RVVOlt 9 ( )

where V (¢) is the time-dependent output voltage, R is the total
system resistance, and V) is the volume of the material. The
maximum power density (Pp_max) refers to the peak output

power per unit volume and is given by 4243
El’%lax
_ = 7
max RVVOI’ ( )

where Epax is the maximum induced voltage during a cycle.
To assess cost performance, the cost index (C) is introduced
and defined as[31:33:44.43]

_ C
Po—max ’

where C represents the cost of the raw material per unit. This

Co ®)

index gives the price in euros required for each Watt of output
power and reflects the economic efficiency of TMG materials.
3.1.4. Power generation index

Beyond the metrics above, a power generation index
(PGI) has been proposed to enable more systematic compar-

ison among TMG materials. It is calculated as!***3
Iy
PGl=———— 9
AT -R-H-®’ ©

where [j is the experimental induced current density, AT is the
temperature span, R is the system resistance, H is the applied
magnetic field, and w is the number of coil turns. This metric
incorporates both material and device-level parameters influ-
encing current generation. As such, PGI minimizes the influ-
ence of non-intrinsic variables and enables a more objective
evaluation of TMG performance across different materials.
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3.2. Traditional TMG materials and their characteristics

The selection of a suitable TMG material has a signifi-
cant impact on the overall performance of a TMG system. For
optimal operation, TMG materials should exhibit a combina-
tion of favorable thermal and magnetic properties: First, soft
magnetic behavior with low remanent magnetization (M;) is
preferred to facilitate rapid magnetic reversibility during ther-
mal cycling. Second, the material should possess a tunable Tc,
ideally within the range suitable for low-grade heat sources.
Third, a sharp and reversible magnetization change near 7c
is essential to maximize the magnetic flux variation and en-
hance energy conversion efficiency. Additionally, high ther-
mal conductivity is required to ensure fast heat transfer and
enable rapid temperature changes. Finally, low cost and mate-
rial availability are also important considerations for practical
and scalable TMG applications.

Gadolinium is one of the most widely studied TMG mate-

4046481 primarily for two

rials for thermal energy harvesting, !
reasons. First, it possesses a T¢ of ~ 292 K,**) making it suit-
able for operation near room temperature. Second, Gd under-
goes a second-order magnetic transition (SOMT) from the FM
to the PM state and exhibits negligible thermal and magnetic
hysteresis, which is advantageous for cyclic operation. How-
ever, since Gd becomes paramagnetic at room temperature, it
typically requires a heat sink or refrigeration system to main-
tain thermal cycling. In practical applications, heat sources,
especially in the form of industrial waste heat, are more acces-
sible than effective heat sinks. Therefore, TMG materials with
a Tc slightly above room temperature are practically preferred.

As an alternative to Gd, Srivastava et al.?%

recently proposed
a multiferroic Heusler alloy, NigsCosMnyoSnjg, which under-
goes a FOMT from a strongly FM austenite phase to a weakly
FM martensite phase at a critical temperature of 408 K.[36-30]
Although the work output per TMG cycle is higher for Heusler
alloys than for Gd, both materials exhibit comparable effi-
ciency. This is because the energy requirement at the transition
temperature differs: FOMT is dominated by latent heat, while
SOMT is governed primarily by sensible heat.>!! As a result,
Heusler alloys require a greater heat input per cycle compared
to Gd.

In addition to Gd and NiMn-based Heusler alloys, a wide
range of alternative thermomagnetic materials have been re-
ported, including Gd-based compounds,3!->231 (Mn, Fe) (P,
X) (X = As, Si) alloys,P*3%1 MM'X (M,M’ = transition
metals, X = carbon or boron group elements) alloys,!!*33!
FeNi alloys,’738! and LaFe-based compounds.3%#3-1 Most
of these materials exhibit FOMT, which are associated with
large entropy and magnetization changes, features that are
beneficial for TMG applications. However, FOMT materials
often suffer from thermal/magnetic hysteresis, structural insta-
bility, or high heat input requirements due to latent heat, all of

which can reduce long-term efficiency and device reliability.
Hence, trade-offs between material performance (e.g., sharp
magnetization change), thermal properties (e.g., conductivity
and specific heat), and economic factors (e.g., rare earth con-
tent and cost) must be carefully considered in future material
screening and device design.

3.3. Experimental evaluation of classic magnetocaloric
materials

Based on the same active TMG device, Chen et al.!3!]

evaluated the TMG performance of several classic magne-
tocaloric materials, such as Gd, Gds(Si, Ge)4, NiMn-based
Heusler alloy, and La(Fe, Si);3H,/In materials, and all ma-
terials were tested under identical experimental conditions for
fair comparison. Figure 2(a) shows their M-T curves under
1 T magnetic field. All samples undergo a magnetic transition
from the FM to PM state during heating, and the reverse transi-
tion from the PM to FM state during cooling. None of the sam-
ples exhibit thermal hysteresis, confirming their SOMT nature.
The inset of Fig. 2(a) shows the corresponding dM/dT-T
curves, the Tc of Gd, Gds(Si, Ge)s, NiMn-based Heusler al-
loy, and La(Fe, Si)3H,/In composite is 292 K, 302 K, 322 K,
and 340 K. For all samples, the magnetic transitions occurred
within the working temperature range of the TMG device, en-
abling a direct evaluation of their TMG performance under
relevant operating conditions.

Figure 2(b) shows the average temperature variation with
time during one TMG cycle. For all samples, both heat-
ing and cooling rates are initially rapid within the first 2 s
due to the large temperature gradient between the sample and
the heating/cooling water. As the temperature difference de-
creases, the rates gradually slow down. The inset of Fig. 2(b)
shows the corresponding d7'/dr curves derived from the T-
t curves, where the La(Fe, Si);3H,/In composite exhibits the
highest d7'/dz, a desirable feature for superior TMG perfor-
mance. Moreover, since the Tc of the La(Fe, Si);3H,/In com-
posite (340 K) is closer to the hot end temperature (353 K), its
magnetic transition occurs earlier during cooling, leading to a
larger dT /dt around T¢ compared to the heating cycle. This
implies that the relative position of 7¢ within the working tem-
perature span largely affects d7'/d¢, which would then affect
the induced current I according to Faraday’s law. Therefore,
the location of T¢ within the working temperature range would
complicate the direct TMG performance comparisons among
materials with different T¢ values.

To eliminate the influence of extrinsic thermal conditions,
the temperature ranges were hypothetically adjusted so that the
Tc of all samples were positioned similarly within the thermal
cycle. Figure 2(c) shows the dM/di—t curves before and af-
ter shifting the temperature span. The maximum dM/dt¢ oc-
curs at the onset of each cycle. After alignment, the max-
imum dM/dr during heating remains nearly unchanged for
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Gds(Si, Ge)4 and the NiMn-based Heusler alloy, but increases
significantly for the La(Fe, Si);3H,/In composite, indicating
improved TMG performance. The intrinsic TMG performance
and energy conversion efficiency of the tested materials were
fairly evaluated. Figure 2(d) compares the key factors for all
the materials tested. Gd exhibits the highest conversion effi-
ciency (1.46%) due to its combination of large magnetization

() p=——
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change and relatively low heat input. Meanwhile, the La(Fe,
Si)13H,/In composite generates the highest induced current
(9.12 pA-g~!) and power density (0.47 mW-m~3). Notably,
its cost index is 1-2 orders of magnitude higher than that of
other candidates, underscoring its potential as a cost-effective
and high-performance TMG candidate for low-grade waste
heat recovery.
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Fig. 2. (a) The M-T curves under 1 T field for Gd, Gds(Si, Ge)4, NiMn-based Heusler alloy, and La(Fe, Si);3H,/In composite. The inset shows
the corresponding dM/dT-T curves. (b) The T— curves for all the samples. The inset shows the corresponding d7'/di—t curves. (c) The
dM /dt—t curves before and after shifting the temperature span. (d) Evaluation of key TMG properties for all the samples.!3!]

3.4. Comparison of first-order and second-order transi-
tion materials

To investigate the influence of different phase transitions
on TMG performance, Chen et al.[*! systematically compared
three Heusler alloys with similar composition but distinct tran-
sition types using a lab-built active TMG device. Figure 3(a)
presents the M-T curves of Ni3; 5C012 sMn35Tijs (Col2.5),
NizgCo14Mn357Tij43 (Cold), and NipMnj 4Ing¢ (NiMnln)
under a 1 T magnetic field. For Col2.5, both FOMT and
SOMT occur within the working temperature range, whereas
only the FOMT in Col4 and the SOMT in NiMnln are active
under working conditions. The presence of thermal hystere-
sis (~ 20 K) in FOMT would lead to notable asymmetry in
TMG performance during heating and cooling, necessitating
a wide temperature span to encompass both transitions during
cycling. In contrast, NiMnIn exhibits a fully reversible SOMT
within the operating range, free of thermal hysteresis, result-
ing in a consistent peak dM/dT value of 1.78 A-m?>-kg~!-K~!
during both heating and cooling. Moreover, the parent phase
of NiMnIn shows a higher magnetization (90.8 A-m”kg~!)
than those of Col12.5 and Col4, leading to a greater magne-

tization change (AM) across the transition. This larger AM
supports more effective energy conversion during the phase
transition, thereby benefiting the overall TMG performance.

Figure 3(b) shows the experimental and simulated volt-
age in one cycle. All samples exhibit stable AC voltage output
under continuous TMG operation. The simulated V—¢ curves
align well with the experimental results, confirming the relia-
bility of the experimental TMG performance. Positive volt-
age is induced during increasing magnetization, while neg-
ative voltage appears during decreasing magnetization. No-
tably, Co12.5 and Co14 produce a large positive voltage peak
(points a, c) followed by a smaller negative peak (points b, d)
in each cycle, consistent with successive FOMT and SOMT
transitions. In contrast, NiMnlIn produces a single voltage
peak per heating or cooling half-cycle, reflecting its single,
continuous SOMT.

Figure 3(c) compares the key performance metrics of
the three alloys. Benefiting from its favorable thermal prop-
erties and high dM/ds, NiMnlIn achieves the highest Viax
(1.92 mV-g~!). Although Co12.5 and Col4 produce four
voltage peaks per cycle, the total voltage output (Vo) over
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300 s for NiMnlIn (2.68 V) matches or exceeds that of Co12.5
(1.82 V) and Col4 (2.68 V). Additionally, NiMnlIn outper-
forms Co12.5 and Col4 in terms of relative efficiency nye
(1.09%x107*%), power density Pp_ave (0.5 uW-cm™—3), and

cost index C (2.78 pW per €). Notably, its maximum power
density Pp_max (1752.3 mW-m~?) and cost index are 1-5 and
1-4 orders of magnitude higher, respectively, than those of
most typical TMG candidates reported.
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Fig. 3. (a) The M-T curves of the alloys under 1 T field. (b) The experimental and simulated V- curves in one cycle. (c) Comprehensive

evaluation of key properties for all three alloys. ]

In addition to its high energy output, NiMnln also ex-
hibits exceptional operational durability. While typical FOMT
materials often suffer from structural fatigue and performance
degradation within minutes, NiMnln remains stable under
continuous cycling for over a month. These results highlight
a promising shift from traditional FOMT materials to SOMT
systems. Consequently, the favorable combination of high
power output, zero hysteresis, and long-term reliability posi-
tions SOMT Heusler alloys like NiMnIn as more practical and
reliable candidates for future TMG applications.

3.5. Enhanced heat transfer property for TMG materials

Ideal TMG materials are expected to exhibit not only a
sharp magnetization change dM/dT but also a rapid temper-
ature response d7'/dt¢ near the Tc. However, most reported
materials suffer from low d7/d¢ due to their inherently low

3145491 T4 address this issue, low-

thermal conductivity (A).
melting-point indium (In), which possesses a high thermal
conductivity of 82 W-m~!.K~!, was introduced into a typi-
cal Ni-Mn-In alloy to form Ni-Mn—In/In composites.!**! Fig-

ure 4(a) illustrates the schematic fabrication process of Ni—

Mn-In/In composites. The annealed bulk Ni-Mn—In ingot was
first ground and sieved into powders. These powders were then
mixed with In powders in varying weight fractions ranging
from 20 wt.% to 90 wt.% (denoted as In20-In90). The result-
ing powder mixtures were consolidated into cylindrical pellets
(@10 mm) via hot pressing. Since the hot pressing tempera-
ture (403—413 K) is close to the melting point of In (430 K),
In metal enters a semi-molten state with high fluidity, enabling
it to infiltrate the interparticle pores between Ni-Mn—In grains
and enhance the structural densification of the composite.

Figure 4(b) shows the thermal diffusivity (a) of
In20—In90 composites and Ni-Mn-In alloy. The ¢ of the
composites increases significantly with increasing In content,
from 0.45x107> m?-s~! for In20 to 3.45x107> m?.s~! for
In90. This is notably higher than that of pure Ni-Mn-In
(0.28x107 m?-s~!), indicating that the composite responds
more quickly to ambient temperature changes. As shown in
the inset of Fig. 4(b), a higher « facilitates more rapid heat
propagation within the material, leading to an increased tem-
perature variation rate (d7 /dt), which in turn induces a larger
voltage output according to Faraday’s law.
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Geometric optimization further improves performance:
by reducing thickness to 2 mm and introducing 7 holes into
the In40 composite. Figure 4(c) compares the key perfor-
mance metrics between the Ni-Mn—In bulk and the In40 com-
posite (2 mm, 7 holes), and the inset shows the morphology
of the two samples. The In40 composite demonstrates en-
hanced TMG performance across all evaluated parameters.
Specifically, its Pp_aye reaches 0.046 uW-g’1 and Pp_max

reaches 0.433 uW-g~!, representing 1.8 and 2.4 times im-

& 5P
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provements, respectively, over the Ni-Mn—In bulk. Addition-
ally, this optimized In40 composite achieves a thermal con-
ductivity 15 times higher and a PGI 8 orders of magnitude
greater than those of other reported TMG materials, as shown
in Fig. 4(d). The combination of significantly improved heat
transfer and favorable properties, such as zero thermal hystere-
sis, good machinability, corrosion resistance, and long-term
cycling stability, positions the Ni-Mn-In/In composite as a
highly promising material for low-grade waste heat recovery.

b) ~*
(b) Yo Lower dTidt Higher dTldt
o
x B t
w 34 Lowera Higher a
o 1 *
x
2,
2 Low A High A
é ow ig
5
s ']
£
E
o
£
o T T T T T T T T T

T
20 30 40 50 60 70 80 90
Percent of In (%)

\ (d) 1400

i High thermal conductivity

1 g *

i 8 1200 s  This work

i 8 1000
Z Gd 4 Ni-Mn-In (bulk) g
= 800 Heusler alloys - 2
2 4 ~
© 600 ®
2 Gdy(Si, Ge) 3
[ ] 's(S1, s S
E’ 400 Mn-Fe-P-Si alloys 9.
2 200 Mn Fo P-As / La(Fe, Si)ys g
o o
a 0 . 3 A @ ® g FeNi alloys @

0 5 10 15 20 25 30 35
Thermal conductivity (W m™ K™')

Fig. 4. (a) Schematic illustration of the hot pressing process to fabricate Ni-Mn-In/In composites. (b) Thermal diffusivity (&) of In20-In90
composites and Ni-Mn-In alloy. The inset shows the relationship between a and d7/d¢. (c) Evaluation of key TMG properties for Ni-Mn-In
and the In40 composite (2 mm, 7 holes). The inset shows the morphology of the two samples. (d) Comparison of the PGI and A4 of the In40

composite (2 mm, 7 holes) with those materials used in active TMG devices with traditional magnetic circuits. !

3.6. Theoretical comparison of classic magnetocaloric ma-
terials

Figures 5(a) and 5(b) present Ashby-type plots showing
the energy conversion efficiency (1) of various TMG materi-
als as a function of magnetization change (AM) and heat input
(Qin). Only materials with 7¢ between 273 K and 373 K were
considered. The performance was evaluated under two differ-
ent temperature gradients (A7) of 10 K and 30 K. The most
efficient materials appear in the upper-left region of the plots,
where 1 approaches 2%. At AT = 10 K (Fig. 5(a)), materials
undergoing a first-order magnetic transition (represented by
half-solid symbols) exhibit the highest efficiencies, owing to
their sharp magnetization change within a narrow temperature
range. In contrast, at AT =30 K (Fig. 5(b)), second-order tran-
sition materials (solid symbols) tend to perform better, benefit-
ing from a broader transition. Among all candidates, Gd-based
materials demonstrate consistently high efficiency across both

44]

AT conditions, especially under low heat input. Notably, the
Gds(SiGe)s, originally developed as a magnetocaloric mate-
rial, achieves the highest efficiency at AT = 10 K.13!

However, magnetocaloric materials typically have high
specific heat, which is unfavorable for TMG applications due
to increased thermal losses. To achieve high-efficiency TMG,
new material systems that combine low specific heat with large
AM and reversible transitions are needed.!'! It is also worth
noting that, despite promising theoretical predictions, the ex-
perimentally measured efficiencies of current TMG devices
remain significantly lower. This discrepancy arises primarily
from non-ideal heat transfer, magnetic flux leakage, thermal
hysteresis, and parasitic losses in actual devices. Future efforts
should focus on optimizing both materials and system design,
including enhancing thermal transport, minimizing energy dis-
sipation, and improving magnetic circuit topology, to narrow
the gap between theoretical and practical efficiency.

027201-7



Chin. Phys. B 35, 027201 (2026)

200 L =10K R : R —
(a) 2%~ 0.5 % (b) 2%, 1%, 0.5 %
3 - ! , &~ 7 ,
100 \(‘,\Q’(\? A L7 L7 é\cﬁ, ’ LaFe-based/ L7
= . — 7 b 7
<<,‘<‘, e MnFe-based p (\\0\ ’, .
: , > - < 7 Q/ 7 v
~ Gdy(SiGe),” Ferh - /; - 7 ’ ’ B 0:25 %
2 ay L 100 4 Gd,(SiGe), FeRh .. =
N¥ P “ £ - 7 90 Gd ,5 ‘. & ; ’
£ r £t 0.125 % 80 >/‘ ¢ , ’ IgnFe-bas/ed
< N\ _LaFe-based . s p g & p
S Gd-based %, L7 ’ . s
3 m. glasse e 604 7 , 7 RE"®7EONT Heusler
c /‘\‘\ s 7 7 2 7
g l‘\E/,-‘/ P I:'t 50 / 7 0.125 %
- erovskite s /
.g &d < (Gd-based m. gldsses v Perovskite 4
@ e 2 40 4 u ) “
S, 10+ Febased / 57 \ 4 A " SOMT Heusler
© m.glasses/ | ¥ /7 < y
€ gesey W Faconi) 0025% . | o
RE,Fe 4 4 7 ~ 7
£ 2717 B e Fe-based m. glasses ’
()] y 7\ s ’ , 7
A L. 4 .
g’ L7 ® & Gomenss , Fe, Co, Ni
(] P X * Gdy(SiGe), 20 v 7|
5 - @ FeRh ’ L7/
. SOMT Heusler | = Lieimedslr. L7 A ‘
P Metalic antiperovskite / ’
/ - A FOMT Heusler , ’
y/' ” s : :gﬁ:: Heusler 7/ R
i i 2 Oy 4
M. antlperovsklte/ 2 @ P . , v
4 L7 | ?if’.:..ff’mg“:...’f‘ - 2 M. antiperovskite
2 10 20 30 5 10 15 20 25 30 3540
Heat input Q;, (kJ kg™) Heat input Q;, (kJ kg™")

Fig. 5. Thermodynamic efficiency (1) of TMG materials at (a) AT = 10 K, and (b) AT = 30 K. Metallic materials are displayed in shades of
red, ceramics in blue, metallic glasses in shades of yellow, and elements in green. 135]

4. Active TMG devices

4.1. Active TMG devices with traditional magnetic circuits

Figure 6(a) illustrates the working mechanism of an active TMG device. At low temperatures, the TMG material exhibits
high magnetization, which enables magnetic flux (@) to flow through a closed magnetic circuit. When the temperature rises,
the magnetization of TMG material decreases, thereby opening the magnetic circuit and reducing the magnetic flux. Accord-
ing to Faraday’s law, this change in flux induces an electrical voltage. To harvest the resulting electrical energy, an induc-
tion coil is wound around a soft magnetic yoke that links the permanent magnet to the TMG material. The repeated opening
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Fig. 6. Schematic (a) and actual (b) views of the demonstration. (¢c) The M-T curve under 1 T field for Nig5Co5MngpSnjg. (d) Measurement
of voltage vs. time. 3]
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and closing of the magnetic circuit not only generates voltage
but also alters the magnetic field acting on the TMG material
itself. In 2011, Srivastava et al.'3#! investigated an active TMG
device based on a multiferroic Heusler alloy; the prototype of
their lab-built active TMG device is shown in Fig. 6(b). Fig-
ure 6(c) shows the M-T curve under 1 T for the working ma-
terial. Nig5CosMnygpSnjo undergoes a FOMT from a strongly
FM austenite phase to a weakly FM martensite phase at a crit-
ical temperature of 408 K, in contrast to Gd, which exhibits an
SOMT from an FM to PM state. The thermal energy required
at the transition temperature for a FOMT is dominated by la-
tent heat, while SOMT primarily involves sensible heat. As a
result, Heusler alloys typically demand a higher heat input per
thermomagnetic cycle than Gd.

In their experiment, the Heusler alloy was heated from
75 °C to 375 °C within 30 s using a heat gun. Figure 6(d)
shows the V¢ curve during one cycle. Under an applied mag-
netic field of 0.2 T, the device generated a peak voltage of only

working mechanism of the TMG device. (e) Experimental induced

0.6 mV from a 2000-turn induction coil. The predicted conver-
sion efficiency under a 10 °C temperature span (with a hot end
temperature of 27 °C) was just 0.004%. This low efficiency
was primarily attributed to the non-optimized magnetic circuit.
The authors concluded that although the overall efficiency was
limited, the material may still be suitable for energy conver-
sion in low-temperature-gradient conditions, where efficiency
is not the sole or most appropriate performance metric.

In 2021, Ma et al.'*! developed another active TMG de-
vice, as shown in Fig. 7(a), in which a 1 T magnetic field
was generated using a cylindrical Halbach permanent magnet
(Fig. 7(b)). Figure 7(c) shows the detailed structure of the 3D
printed sample storehouse. A cylindrical sample was placed
in a nylon compartment surrounded by a 300-turn copper coil.
Ice water (~ 273 K) and boiling water (~ 373 K) served as
the cold and hot sources, respectively, providing a working
temperature range of 288-353 K, which is well suited for low-
grade heat recovery.
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Figure 7(d) shows the working mechanism during heating
and cooling processes. A programmed microcontroller alter-
nately directs hot and cold water through the sample chamber.
When hot water flows through, the TMG material is heated
above its T, undergoing a phase transition from the FM to
the PM state. This change alters the magnetic flux through the
surrounding coil, inducing an electrical current according to
Faraday’s law. Conversely, when cold water is introduced, the
material transitions back to the FM state, reversing the change
in magnetic flux and thus generating a current in the oppo-
site direction. Figure 7(e) shows the V- curves for Gd and
La(Fe, Si);3H,/In composite. Alternating positive and nega-
tive currents are produced through cyclic thermally induced
magnetic transitions. In experimental tests, the TMG device
using the classic benchmark material Gd produced a relatively
low power density of 0.1 mW-m~3. For comparison, a sim-
ilar device based on the La(Fe, Si);3H,/In material achieved
a power density of 0.42 mW-m~3 under the same conditions,
highlighting the superior performance of the La(Fe, Si);3H,-
based system.

To further enhance the performance of Ma et al.’s TMG
device, Liu et al.!*?! systematically investigated the influence
of key material and device parameters on TMG performance
through finite element simulations. Figure 8(a) shows the re-
lationship between the induced current (/) peak and the reduc-
tion ratio of the cross-sectional area (S) as a function of the
sample cabin height. The trend of I closely follows that of S,
confirming that reducing the cabin size enhances TMG perfor-
mance. Figure 8(b) shows the peak / value as a function of
Thot and Tio1q. The maximum current is obtained when Ty, is
highest and T4 is lowest, while the minimum occurs under
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the opposite conditions. This indicates that a wider operat-
ing temperature range is beneficial for improving TMG out-
put. Figure 8(c) summarizes the sensitivity of the peak / value
to variations in several key parameters. Among them, cabin
size has the most significant effect: a 100% change in cabin
size leads to more than a 20% increase in the peak current.
Additionally, the peak current remains nearly constant as the
cycle period decreases, up to a limit of 10 s. Therefore, a cy-
cle period of 10 s was selected to enable more frequent current
peaks. Figure 8(d) compares the simulated /- curves before
and after optimization. After optimizing the device param-
eters, the simulated peak current during the heating process
increased significantly from 28.8 pA to 136.1 pA, while the
cooling peak rose from —12.2 pA to —65.0 pA. These results
clearly demonstrate that proper optimization of structural and
operational parameters can significantly enhance the perfor-
mance of TMG devices.

Building on the optimized TMG device parameters, Chen
et al."**! developed a new-generation active TMG device fea-
turing a more compact sample cabin. Figure 9(a) shows the
detailed structure of the lab-built TMG device. A 3D-printed
nylon shell was embedded within a hollow permanent mag-
net (~ 1 T). The nylon shell is divided into two parts: side
A serves as the water inlet, and side B as the outlet. A cop-
per cabin passes through the center of the nylon shell and is
wrapped with a 600-turn copper coil. The cold and hot water
was pumped to alternatively flow through the copper cabin by
a programmable microcontroller, resulting in a reverse FM—
PM transition in the material, then an AC current can be con-

tinuously obtained in the coil.
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simulated I—¢ curves before and after optimization. ]
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Furthermore, the device was employed to power
two LEDs via an amplification circuit using the
Niz75C0125sMn3sTijs  (Col2.5),  NizgCoi1aMnss7Tiig3

(Col4), and NipMnj 4Ing¢ (NiMnlIn) alloys, as shown in
Fig. 9(b).
connected in parallel at the output of the amplifier, with the

Two LEDs oriented in opposite directions were

red and green LEDs activated by positive and negative volt-
ages, respectively. Due to the successive opposite voltage
signals generated by the FOMT and SOMT during each heat-
ing/cooling cycle in the Co12.5 and Co14 alloys, the red LED
lit first, followed by the green one. The brightness of the
LEDs corresponded to the magnitude of the induced volt-
age (see Fig. 3(b)), while the illumination duration matched
the width of the voltage peaks. Notably, the NiMnln alloy,
which exhibits a SOMT, produced relatively high and broad
voltage peaks. As a result, the LEDs powered by NiMnln
appeared brighter and remained lit significantly longer than
those powered by Co12.5 and Col14 alloys, further confirming
its superior TMG performance.

4.2, Active TMG devices with topological magnetic circuit

In 2018, Waske ez al.*?! proposed an active TMG device
featuring a pretzel-like magnetic flux topology, as shown in
Fig. 10(a), employing La—Fe—Co-Si as the working material
due to its low magnetic hysteresis. Figure 10(b) shows the
topologies of magnetic circuits of TMGs for different genera.
Unlike conventional magnetic circuits (Genus = 1 or 2), where
the magnetic flux within the induction coil varies between zero

027201-

and a maximum value, Waske ef al.’s design (Genus = 3) en-
ables the flux to oscillate between negative and positive max-
ima. At an operating frequency of 0.8 Hz and a temperature
variation of 23 °C, the device achieved a peak power output
of 1.24 mW. Experimental comparisons with traditional mag-
netic circuit configurations showed that this novel topology
improved both voltage and power output by up to two orders
of magnitude. [©0-61]

Recently, Liu et al.'*3! designed a TMG device opti-
mized for low-temperature waste heat recovery, as shown in
Fig. 10(c). In this configuration, temperature-sensitive FM—
PM transitions in TMG materials, such as Gd plates or La(Fe,
Si);3H,/In composites, act as a thermal switch to control
the magnetic circuit’s ON/OFF state. The improved integra-
tion enables the magnetic flux within the coil to swing be-
tween positive and negative maxima, significantly enhancing
the induced voltage, which ranges from 0.04 V to 0.19 V.
This design also reduces magnetic stray fields and mini-
mizes the quantity of rare-earth material used, thus lowering
the economic cost of the device. The authors demonstrated
the system’s functionality by successfully lighting an LED
(Fig. 10(d)), suggesting that an array of such TMG modules
could effectively convert low-grade waste heat into electricity.

Furthermore, Bahl er al.1?) optimized Liu er al.’s design
to further increase magnetic flux variation and improve out-
put performance. Figure 10(e) shows the prototype realized
with a small coil, their optimized device utilized 126 g of

Gd spheres in the sample chamber. At a temperature span of
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40 °C and a hot-side temperature of 40 °C, the device deliv-
ered a power output of 9 mW at a flow rate of 1.4 L-min~!
(Fig. 10(f)). When normalized by material volume and tem-
perature span, the resulting power density (P/(VAT)) was
0.0058 mW-cm—3-K~!. Although this value is lower than that
of Liu et al’s device, the discrepancy is primarily attributed
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to the choice of working material. Liu ef al.’s device em-
ployed LaFeSi-based composites, which have demonstrated
power outputs nearly an order of magnitude higher than those
using Gd. Therefore, it is anticipated that replacing Gd with
LaFeSi in Bahl et al.’s configuration could significantly en-
hance the power density of the system.
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Fig. 10. (a) Photo of the TMG device. (b) Topologies of magnetic circuits of TMGs for different genera.l??! (c) Magnetic circuit structure
design and working principle of the TMG device. (d) Utilize devices to light up LEDs. (e) The experimental prototype realized with the small

coils.[*3

5. Passive TMG devices

5.1. Thermomagnetic oscillators

In 2007, Ujihara et al. 163] fabricated one of the earliest
TMG harvesters by attaching a piezoelectric spring to a soft
magnetic element. The conceptual design and working mech-
anism are illustrated in Figs. 11(a) and 11(b). In this device, a
soft ferromagnetic material (Gd) is suspended on a serpentine
spring near a permanent magnet. Initially, when Gd is below
its Tc, it is attracted to the magnet. As it heats above Tc, it
becomes paramagnetic and is repelled by the spring toward
the heat sink. Once cooled below T¢, Gd regains its mag-
netism and is again pulled toward the magnet. This cycle re-
peats, producing sustained mechanical oscillations driven by
the SOMT. Usually, the resulting mechanical energy can then
be converted into electrical energy using a coil, [®+-%0] and even
piezoelectric®7-%°1 or triboelectric!’®-73! transduction mecha-

1 () The average power as a function of temperature difference between T and Tyq1q. (0!

nisms. In this work, the resulting motion generates electrical
power via piezoelectric conversion. Figure 11(c) shows the
power density as a function of gap for active Gd element. With
a spatial temperature difference between 50 °C (hot side) and
0 °C (cold side), and a gap of 0.2 mm, the device achieved a
power density of 3.5 mW-cm™2.

In 2016, Gueltig et al.!*!! developed a high-performance
passive TMG device based on Ni-Mn-Ga Heusler alloy
films. The device photo and operating principle are shown
in Figs. 11(d) and 11(e). In the FM state, the cantilever de-
flects toward the heated magnet, where it undergoes a mag-
netic phase transition. In the PM state, the elastic restor-
ing force dominates and resets the cantilever position. This
competition between magnetic and elastic forces induces self-
sustained periodic motion, converting thermal energy into me-

chanical work, and subsequently into electrical energy via in-
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duction in a pickup coil. Figure 11(f) shows the time-resolved
experimental characteristics of displacement of the center-of-
mass and corresponding electrical current induced in the pick-
up coil. Using a 220 Q load, peak currents of approximately
4180 pA were observed as the cantilever approached and re-

(a) (b) Leave Spring

Ambient/Cold Side

Hot Side l tHard Magnet

treated from the magnet. The system demonstrated an average
power density of 118 mW-cm ™3, comparable to that of some
TEGs. Moreover, it required a minimal temperature fluctua-
tion of just 3 K, and each thermomagnetic cycle lasted only
~ 12 ms, aligning well with the oscillation period.
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Fig. 11. (a) Actual device and (b) cross section during cooling and heating. (c) Power density as a function of gap for active Gd element.
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(d) Actual device and (e) operation principle of the TMG device. (f) Time-resolved experimental characteristics of displacement of the center-
of-mass and corresponding electrical current induced in the pick-up coil.[*!! (g) Experimental device and (h) schematic of up and down positions
of the hybrid thermomagnetic oscillator (HTMO). (i) The capacitor voltage discharge across the LED.!!4]

In 2019, Deepak et al.l'*33] introduced a hybrid thermo-
magnetic oscillator (HTMO) capable of both heat-load cooling
and electricity harvesting. The TMG material used was a bulk
alloy with the composition (MnNiSi)g 7(Fe,Ge)o 3 and a T¢ of
144 °C. The photo and working principle of the HTMO are il-
lustrated in Figs. 11(g) and 11(h). The device was constructed
by mechanically connecting an NdFeB permanent magnet to
the TMG material via a spacer. During oscillation, voltage was
induced in two copper solenoid coils placed in series (coils 1
and 2), with contributions from both the TMG material and the
magnet. The system achieved up to 10 V per cycle and a peak
current of 15 mA. Figure 11(i) shows the capacitor voltage dis-
charge across the LED. They used the stored energy to light up
an LED which is connected to the capacitor by a switch. The
stored energy continuously discharges across the LED, light-
ing it for 90 s, demonstrating the potential of HTMO devices
for combined thermal management and energy harvesting.

5.2. Thermomagnetic motors

Thermomagnetic motors (also referred to as Curie
wheels) convert thermal energy into mechanical rotation by
exploiting the temperature-dependent magnetization of ferro-
magnetic materials. Early concepts of such devices were pro-

n?4 and Tesla,” and subsequent theoretical

posed by Ediso
studies have suggested that their efficiency could approach the
thermodynamic limit.

Ahmed er al.’*! demonstrated a hybrid system by com-
bining a thermomagnetic engine with a rotary triboelectric and
electromagnetic generator. Figure 12(a) shows the schematic
of the motor. Their hybrid energy harvester consists of a
thermomagnetic engine mechanically coupled to both a tri-
boelectric generator and an electromagnetic generator. Fig-
ure 12(b) shows the fabrication process of the triboelectric

generator. The triboelectric component was fabricated using
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internal acrylic and external aluminum interdigital electrodes.
Alternating current was generated as the acrylic plate moved
across the electrodes due to rotation. Figure 12(c) shows the
rotation speed as a function of temperature difference. The
maximum rotational speed of the shaft reached 263 rpm de-
pending on the hot water temperature. The corresponding
open-circuit voltage and short-circuit current values reached
15.6 V and 9.82 pA, respectively (Fig. 12(d)), with a maxi-
mum output power of 14.4 uW (Fig. 12(e)).

More recently, as shown in Fig. 12(f), Cugini ez al.'>! de-
veloped a compact thermomagnetic motor prototype designed
as a flexible test-bench to evaluate and compare the thermo-
magnetic performance of small quantities (< 0.3 g) of new
materials under variable conditions. Three representative Ni—
Mn-based Heusler alloys, including NiMnlIn, NiMnSn, and

wheels and tested in the prototype device. Figure 12(g) shows
the rotors made of NiMnIn with a radial thickness of 1 mm
and 1.5 mm. The mechanical power output generated by
the motor was closely correlated with the magnetic proper-
ties of the materials, particularly the magnetic transition tem-
perature and saturation magnetization, which strongly influ-
ence the energy conversion efficiency. Figure 12(h) shows
the maximum mechanical power output as a function of tem-
perature of the warm reservoir. Among the tested alloys,
NiMnln achieved the highest mechanical output power, reach-
ing 0.70 £0.04 mW when normalized by the mass or volume
of active material. This work underscores the importance of
material selection and magnetic transition behavior in the de-

velopment of efficient thermomagnetic energy conversion sys-

NiMnCuGa, were mechanically processed into disk-shaped  tems.
(a) (b) Acrylic Load Ak1
1. Electromagnetic generator (EMG)
9 2. Triboelectric nanogenerator (TENG) Shdmg Forward
3. Spur gear (pinion)
o v
4. Spur gear (main) b o <~ AR
5. Cold water jet i < FEP ﬁ"?x”
6. Cold water jet :
7. Hot water jet
8. Gadolinium blocks (I)
9. Shaft of the engine
5 / / ’
(11) (III)
© . " @ G .
,wg 5'5\0 oy 159 [~ . .
- 240 90 S— 1 ~ll- P L 15
S 20 ’ w g %'5‘5“ o9 ! Em“ %9 \ -
- 2104 u = 4 / T - 4
= — > > 3 [ =12
Lo & = 153 e g
§ 180 4 o g zg ] 0/0 ./. L g § 5 '5-: \0. [, E
2 150 o % £ = 150 / L = - \ =
® F - = J / S ‘s 104 é
£ 120 (- 2 @ 6 o o = L6
o o & T WA £ 5 a
= 90 -@-Rotationspeed [ & ¢ 1 t 54 MW \ [
o ~M-Hot vater temp. [-30 £ 2 1444 =@-Voltage |3 :0: 2 ° / o :
x god Ll s IS} 4 ~@-Curent | 5 7] 1 omg.
f2 2 7 4] o oSS%unnun
B L N A A T 1 T T T 7110 T T T T T T T
0 10 20 30 40 50 60 70 80 140 160 180 200 220 240 260 280 10 100 1k 10k 50k 500k 10M
Temperature difference (°C) Rotation s peed (rpm) Resistance ()
x10™
() (9) (h) ® ,
K type @ o M Rotor CRET ++N|MnCuGa
th | \ 2 3(hi NiMnSn
er”‘°c°“pe\< ‘ ‘l il : 6 —F—NiMnin
AT s
%4
g
o
2
Water bath .
1mm 1%“
— NdFeB magnets - 0
e ¢ e 300 310 320 330 340
T, (K)

Fig. 12. (a) Schematic of the thermomagnetic generator. (b) Schematic diagram illustrating the fabrication process of the triboelectric generator.
(c) Temperature difference vs. rotation speed. (d) Open-circuit voltage and short-circuit current of the TENG on different rotation speeds.
(e) The power output of the TENG at different loads.”’#! (f) Technical scheme of the small-scale TM motor prototype utilized for testing
materials. (g) Rotors made of NiMnln with a radial thickness of 1 mm and 1.5 mm. (h) Maximum mechanical power output as a function of
temperature of the warm reservoir for a ring of NiMnIn (orange triangles), NiMnSn (blue squares) and NiMnCuGa (green circles).[”!

6. Conclusion and outlook

In this review, we summarized recent advances in TMG

from both materials and device perspectives. Various TMG

materials, including rare-earth-based compounds, Heusler al-
loys, and LaFe-based alloys, have been investigated for their
potential in low-grade heat harvesting. Among them, SOMT

materials with high thermal conductivity and zero hysteresis
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show particular promise. On the device level, both active and
passive configurations have been developed, with ongoing ef-
forts focused on enhancing flux control, thermal management,
and integration efficiency. Hybrid systems combining TMG
with triboelectric or piezoelectric mechanisms further broaden
the application potential of this technology.

Despite recent advances, several key challenges must be
addressed before TMG technologies can be widely deployed.
First, most existing materials suffer from thermal hysteresis,
low magnetization, or poor thermal conductivity, which lim-
its efficiency and stability under cyclic operation. The devel-
opment of new TMG materials with sharp, reversible phase
transitions, tunable Curie temperatures, and high thermal con-
ductivity is essential. Second, efficient thermal management
remains a bottleneck, requiring better thermal interfaces and
faster heat transfer mechanisms to enhance temperature gra-
dients and improve energy conversion rates. Third, current
device architectures are often difficult to scale due to complex
magnetic circuits and heating setups. Future efforts should
focus on designing compact, modular, and low-cost TMG sys-
tems that integrate high-performance materials with optimized
magnetic and thermal pathways.

Looking forward, it is also important to establish quan-
titative performance targets to guide material and device de-
sign. For instance, achieving an average power density above
100 mW-cm ™ and a thermal-to-electric conversion efficiency
greater than 5% would make TMG competitive with thermo-
electric generators in low-grade waste heat recovery. In addi-
tion, ensuring operational stability beyond 10° heating/cooling
cycles without performance degradation and reducing material
costs to levels comparable with current thermoelectrics are es-
sential for practical adoption.

Moreover, integrating TMG with hybrid harvesting tech-
niques, such as triboelectric, piezoelectric, or thermoelectric
methods, could expand functionality and improve overall en-
ergy output. Long-term stability, material cost, and environ-
mental compatibility must also be considered to ensure practi-
cal viability. Looking ahead, the combination of advanced ma-
terial discovery, computational modeling, and system-level en-
gineering will accelerate progress in the field. With continued
interdisciplinary development, TMG holds great promise for
applications in low-grade waste heat recovery, self-powered
sensing, wearable electronics, and distributed energy sys-
tems. Typical low-power applications illustrate this potential:
0.1 uW for a 32 kHz quartz oscillator, 1 uW for an electronic
watch or calculator, 10 uW for pressure or temperature sen-
sors, 50 uW for short-range RF emission, 100 uW for im-
planted medical devices, and about 500 uW for hearing aid
LCD displays. In particular, the power output achievable with
optimized TMG devices could meet the demands of many of
these applications, contributing to the broader goals of sustain-

able and decentralized energy conversion.
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