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A Gd-Film Thermomagnetic Generator in Resonant

Self-Actuation Mode

Joel Joseph, Erika Fontana, Thibaut Devillers, Nora M. Dempsey, and Manfred Kohl*

Thermomagnetic generation is a promising technology for conversion of
low-grade waste heat into electricity. Key requirements for the development

of efficient thermomagnetic generators (TMGs) are tailored thermomagnetic
materials as well as innovative designs enabling fast heat transfer. Recently,
film-based thermomagnetic generators are developed that operate in the mode
of resonant self-actuation enabling high frequency and stroke of a movable
cantilever and, thus, efficient conversion of thermal energy into electrical
energy. Here, the performance of a Gadolinium (Gd)-film-based TMG that is
optimized for resonant self-actuation near room temperature is reported. The
Gd-film TMG exhibits large oscillation frequencies up to 106 Hz and large
strokes up to 2 mm corresponding to 38% of the oscillating cantilever’s length.
This performance occurs in a sharply bound range of ambient temperatures
with an upper limit near the film’s ferromagnetic to paramagnetic transition
temperature T, of 20 °C and of heat source temperatures ranging between 40
and 75 °C. The maximum power per footprint is 23.8 pWcm2, at which the Gd
film undergoes a temperature change of only 0.9 °C at =10 °C above T,.

low temperatures is thermoelectric energy
generation,*’ which, however, suffers
from low power output, particularly at
miniature scales and temperatures below
100 °C. Conversion of this low-grade
thermal energy into usable energy with
high efficiency is a major challenge that
requires new scalable technologies.
Recently, significant progress has been
made in thermomagnetic energy genera-
tion, which makes use of a temperature-
dependent change of magnetic ordering
due to a reversible phase transition. Prom-
ising thermomagnetic materials should
exhibit a large magnetization M as well as
a large change of magnetization AM/AT
within a narrow temperature window.[
Relative efficiencies of high-performance
ferromagnetic materials like Gadolinium
(Gd) operating near their ferromagnetic

1. Introduction

Thermal energy is a practically unused energy resource, even
though it is abundant. A vast amount of heat rejected from
energy consumption in urban and industrial sectors is lost to
the environment as waste heat. Much of the unrecovered waste
heat energy is in the low-temperature regime below 250 °C.1-3]
However, when temperature differences become small, conven-
tional methods of energy generation and recovery are not pos-
sible with reasonable efficiency. The only mature technology at
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to paramagnetic transition temperature

Tc reach theoretical values up to 55% of
Carnot efficiency”! or even 73% in the case of regeneration.®l
Thermomagnetic generators (TMGs) either convert heat directly
into electrical energy or indirectly via the generation of mechan-
ical work.”! Other concepts make use of combinations of thermo-
magnetic and pyroelectric effectsl'™ or hybrid thermomagnetic
effects.™! Macro-scale demonstrators have been presented based
on ferromagnetic materials like Gd,">¥l Heusler alloys,'°l and
Lanthanum-Iron-Silicon (La-Fe-Si)-based alloys.”-2%/ However,
the efficiency of current thermomagnetic materials and concep-
tual devices is well below the theoretical optimum.

Film-based TMGs are designed for operation at the min-
iature scale®!l which is particularly attractive for emerging
applications in the field of Internet of Things (IoT) requiring
self-sustaining micro sensor systems and autonomous elec-
tronic devices.?2?3] The large surface-to-volume ratio of mag-
netic films and supporting structures allows for efficient heat
transfer. For cantilever-based devices, the concept of resonant
self-actuation has been introduced giving rise to large deflec-
tions of the cantilever front and high frequencies and, thus, to
large power output.l” Recent demonstrators based on Heu-
sler alloy films of Ni-Mn-Ga showed resonance frequencies
in the order of 100 Hz and reached power densities of up to
120 mW cm—.?42] The typical footprint of the demonstrator
devices is 10~13 mm?, which is highly attractive for hybrid inte-
gration into microelectronic systems. However, owing to the
ferromagnetic transition temperature Tc of the Ni-Mn-Ga films
being =98 °C, the range of usable heat source temperatures
was limited to 100-170 °C.2*2% In order to apply the concept

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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of resonant self-actuation for recovery of low-grade thermal
energy, other suitable thermomagnetic film materials need
to be developed showing Tc near room temperature.l”’] Prom-
ising candidates include Gd films that exhibit a Tc near room
temperature, a large magnetization M under moderate mag-
netic field and a large temperature-dependent change of mag-
netization AM/AT. The possibility to easily remove them from
the substrate on which they are deposited facilitates their inte-
gration into devices.l?8! Environmental issues with the mining
and recycling of Gd have been addressed in literature.?>3% In
the case of Gd-film TMGs, the environmental impact is con-
sidered to be rather limited due to the small amount of Gd
material.

In this investigation, we develop the design and fabrication
process of a miniature-scale Gd-film TMG device operating
in resonant self-actuation mode and investigate its coupled
physical performance properties near room temperature for
decreasing heat source temperatures from 75 °C down to 35 °C.
The experimental study of dynamic mechanical and electrical
performance is complemented by lumped element simulations
of thermal performance to elucidate the detailed processes of
heat intake and heat dissipation by conduction and convection
during thermo-mechanical cycling.

We demonstrate that our Gd-film TMG operates in reso-
nant self-actuation mode down to much lower heat source
temperatures of 40 °C compared to previous Ni-Mn-Ga-film
TMG devices. Our device achieves a power per footprint of
up to 23 uW cm™?, which outperforms state-of-the-art TMGs
in this temperature range. This performance is enabled by
the fast heat transfer of the Gd film resulting in high fre-
quency up to 106 Hz. The temperature change and the con-
sumed heat of the Gd film are 0.45-1.2 °C and 0.57-0.8 Jg7},
respectively, which are the lowest reported values for TMGs
up to now and translate into enhanced efficiency. These
results are a major milestone towards the development of
TMG devices making use of low-grade waste heat near room
temperature.
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2. Material Properties

The active material used in the present work is a Gd film of thick-
ness 40 um. Figure la shows typical temperature-dependent
magnetization characteristics for applied magnetic field values
between 0.1 and 0.5 T. For increasing temperature, a large
abrupt change of magnetization AM occurs within a narrow
temperature window AT caused by a ferromagnetic to paramag-
netic phase transition at the Curie temperature Tc. Due to its
second order nature, the transition is hysteresis-free. An Arrott
plot analysis of isothermal M(T) measurements gives a Tc value
of 20 °C, in agreement with the value reported for bulk Gd.

The temperature-dependent change of magnetization AM/AT
is plotted in Figure 1b. The point of maximum AM/AT exhibits
a small field-dependent shift from 17 °C at 0.1 T to 19 °C at
0.5 T. The large change of AM/AT of up to 2.3 Am? kg! K™! near
room temperature is the major motivation to develop a Gd
film-based generator in this work. In the following, the abrupt
change of magnetization will be used to generate an electrical
current in a pick-up coil according to Faraday’s law. Thereby,
magnetic fields are typically below 0.5 T.

3. Operation Principle and Fabrication

The operation principle of the Gd-film TMG is illustrated in
Figure 2. Major components of the TMG are a freely movable
double-beam cantilever of Cu-Zn with the Gd film and a pick-
up coil mounted on opposite faces of the cantilever front. A
samarium cobalt (SmCo) permanent magnet is positioned
above the cantilever. Owing to its double-beam design, the
cantilever can be used for direct electrical connection of the
pick-up coil at the cantilever front. The permanent magnet
generates a magnetic field gradient force (hereafter referred
to as the “magnetic attraction force”) on the Gd film and,
at the same time, it serves as the heat source. Therefore, in
the low temperature state, the cantilever and Gd film deflect
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Figure 1. Thermo-magnetic properties of a Gd film of 40 um thickness measured under various values of applied magnetic field. a) Magnetization M
versus temperature T characteristics, b) temperature-dependent change of magnetization AM/AT determined by the first derivative of the measure-

ment data in (a).
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Figure 2. Schematic layout and operation principle of a Gd-film TMG. a) Layout consisting of a double-beam cantilever of Cu-Zn, bonding layer, Gd
film and pick-up coil; a heatable permanent magnet is placed above the freely movable cantilever end. b) Operation principle showing four different
stages of mechanical oscillation cycle: I-deflection towards the heated magnet due to magnetic attraction, ll-heating due to mechanical contact to heat
source, lll-backward deflection due to elastic reset force of the cantilever, IV-cooling due to heat conduction and convection.

towards the magnet (I) due to magnetic attraction caused by
the strong gradient of the magnetic field. Once in contact
with the magnet (II), heat is transferred to the Gd film, which
causes a temperature increase and a corresponding drop in
magnetization. Consequently, restoring elastic and inertia
forces take over to retract the cantilever from the magnet. As
the cantilever moves back (III), the magnetic field and field
gradient is reduced, and, at the same time, the Gd film temper-
ature decreases due to heat conduction through the cantilever
via the bonding layer of the film and forced heat convection in
ambient air. At maximum deflection (IV), the restoring elastic
force pulls the cantilever back again. The restoring motion is
supported by the inertia and magnetic attraction force, which
increases with decreasing Gd film temperature. Thus, the can-
tilever performs a continuous thermo-magnetic cycle (I-IV)
during its oscillatory motion. Thereby, the magnetic field expe-
rienced by the Gd film ranges from a maximum of =0.52 T at
minimum distance to the magnet (II) to a minimum of =0.14 T
at maximum distance (IV). The actual thermo-magnetic cycle
deviates from ideal conditions, as steps I and III are not adi-
abatic. The Gd film starts to cool as soon as it retracts from
the magnet and continues to cool once the magnet attracts
it again. The rapid changes of magnetization in the Gd film
and of magnetic field induce a current in the pick-up coil
according to Faraday’s law, whereby the contribution from the
film magnetization is below 5%. Under optimum conditions,

a) I 11

i S

III v

> N

the periodic deflection of the cantilever transitions to reso-
nant self-actuation mode resulting in large oscillation stroke
and high frequency as detailed in the following sections.
Energy generation in the pick-up coil causes additional elec-
tromagnetic damping of the oscillatory motion, which needs
to be compensated by the change of magnetic attraction force
during the cycle to sustain resonant self-actuation.

Figure 3a illustrates the process sequence for fabrication of
the Gd-film TMG. The starting substrate material is an alu-
mina plate of 630 um thickness. The double-beam cantilever
is laser cut from a thin Cu-Zn foil of 30 um thickness and
attached to the substrate using a non-conductive bonding layer
(I). Subsequently, a pick-up coil of 400 turns is integrated on
the lower side of the cantilever front (II). The Gd film is laser
cut to an area of 2 X 2 mm? and then mounted on the upper
side of the cantilever front using a non-conductive bonding
layer (III). Finally, the connecting link between the beams at
the cantilever back is removed before a connector socket is
attached to the TMG and the pins are electrically connected
to the cantilever (IV). Figure 3b shows a photo of the TMG
device without the magnet. The freely movable length of the
cantilever is 5.3 mm, while the overall footprint is 12.6 mm?.
A SmCo magnet of 3 X 3 X 8 mm? size with high maximum
operating temperature (350 °C) is selected for device opera-
tion, which is used at the same time as a heat source. The
magnetic easy axis of the magnet is aligned along its long axis.

b)

Figure 3. Schematic of fabrication process of the Gd-film TMG. a) Sequence of process steps: |-integration of cantilever on ceramic substrate, ll-inte-
gration of pick-up coil, Ill-bonding of Gd film, IV-TMG device after electrical contacting; b) photo of final device.
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Further details on fabrication and experimental procedures
can be found in Section 9.

4, Performance Characteristics at Resonant
Self-Actuation

Generally, self-actuation of the cantilever is governed by the
interplay of magnetic attraction, elastic, inertia, and damping
forces. Under non-optimized conditions, the thermal duty cycle
of the film is considerably longer than the duration of the can-
tilever eigenoscillations. In this case, after heat intake at the
heat source, the eigenoscillations decay as a function of time
due to dissipation until the magnetic attraction force recovers
after sufficient cooling time of the film. However, matching of
the thermal duty cycle and mechanical oscillation time can be
achieved if the losses in amplitude are compensated by the gain
in attraction force during oscillation. Thus, resonant self-actu-
ation occurs, if heat intake and heat dissipation are balanced
and the resulting temperature change of the film AT causes a
sufficiently large change of magnetization AM. Under resonant
conditions, time-resolved deflections of the cantilever front
with large strokes (Figure 4a) and high frequencies (Figure 4b)
are observed. Remarkably, the range of source temperatures
Tiource 2t Which resonant self-actuation occurs is sharply bound.
For the case of 11 °C ambient temperature shown in Figure 4,
resonant self-actuation sets in at =40 °C and, when further
increasing the source temperature, it stops abruptly at =71 °C.
Within this temperature range, the stroke stays above 1.5 mm
and exhibits a maximum of 2 mm at 60 °C. The frequency, on
the other hand, starts at rather low values of 65 Hz, gradually
increases up to 106 Hz at 65 °C, and then abruptly declines at
the critical maximum source temperature. This performance of

—— R =500 Ohm, T, =11°C

amb

— R =500 Ohm, T,_,,=11°C

amb’

75+ E

Frequency (Hz)
g

N
(4]
1
L

0

stroke and frequency correlates with the power output shown
in Figure 4c. At the lower limit of heat source temperature of
40 °C, the power is already 1.3 uW corresponding to a power per
footprint of 10.3 uW cm™2 (8.1 mW cm™3 power per Gd volume),
which is about the highest value observed for Gd-based TMGs
at low-temperature difference between heat source and ambient
(Tsource—Tamp) of only 29 °C. For increasing source temperature,
the power first increases gradually and then strongly until the
maximum power of 3 uW occurs at 65 °C corresponding to a
power per footprint of 23.8 uW cm2 (18.8 mW cm™3). In these
measurements, the load resistance of the electrical circuit has
been set to its optimal value of =500 Q. This value is higher
than the internal resistance of the pick-up coil of =220 Q. As
detailed in (Figure S1, Supporting Information), the power
further increases when increasing the load resistance beyond
220 Q, as the reduction in electromagnetic damping results in a
further increase of stroke and frequency.

5. Temperature Range of Resonant Self-Actuation

For most applications, operation near room temperature is desir-
able. Therefore, it is essential to investigate the range of ambient
temperatures T, at which resonant self-actuation occurs for
the given Gd film. Figure 5 gives an overview on actuation
strokes, oscillation frequencies, and electrical power output in
the range of ambient temperatures T,.,;, between 9 and 19 °C.
Thereby, the source temperature T, has been varied between
35 and 75 °C. The following observations can be made:

— The range of ambient temperatures T, at which resonant
self-actuation occurs, is sharply bound in all cases. The TMG
is capable of sustaining resonant self-actuation for increasing
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Figure 4. Mechanical and electrical performance of the Gd-film TMG as a function of heat source temperature (T, ) at an ambient temperature
(Tamp) of 11 °C: a) Stroke of the cantilever front during resonant self-actuation, b) oscillation frequency of cantilever front, c) electrical power output
measured from the induced current of the pick-up coil at a load resistance of 500 Q.
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Figure 5. Experimental results on the mechanical and electrical performance of the TMG device as a function of ambient temperature (T,,,) and heat
source temperature (Touce). Numerical values can be inferred from the given color code. A summary of numerical values is also provided in Table S1
(Supporting Information). a) Stroke of the cantilever front during resonant self-actuation, b) oscillation frequency of cantilever front, c) electrical power
output measured from the induced current of the pick-up coil at a load resistance of 500 Q.

Tomp up to 19 °C, while at 20 °C and above resonant self-actu-
ation is no longer possible. At 19 °C, the TMG device still
generates =1 UW at T,y Of 50 °C and 1.4 uW at T,y of
65 °C.

— At lower ambient temperatures T,,,,;, < 19 °C, the lower and
upper limits of allowable source temperatures are shifting
towards higher values roughly as T, is increasing, i.e., from
40 °C < Tyource < 70 °C at Ty, of 9 t0 50 °C < Tygypee < 75 °C
for increasing T, by 10 °C.

— The maximal stroke of =2 mm occurs at T, of 11 °C. For
increasing T, the stroke drops continuously reaching a
minimum value of 800 um at 19 °C.

— The frequency is almost unaffected by the change of T,
within the resonance region. However, at low source tem-
perature T, frequencies are low (see Section 4) and tend
to further decrease for increasing T, until resonant self-
actuation stops.

— A pronounced maximum power point occurs at T,,,;, of 11 °C,
which coincides with the maximum stroke and frequency at
source temperature T,,... between 55 and 70 °C.

Further overview plots on the mechanical and electrical per-
formance of the TMG device are summarized as a function
of load resistance and heat source temperature at different
ambient temperatures in Figures S1-S6 (Supporting Informa-
tion). In addition, a summary of numerical values is provided
in Table S1 (Supporting Information).

6. Analysis of Thermal Performance

The large power output observed during resonant self-actu-
ation is enabled by efficient conversion of thermal energy via

Adv. Funct. Mater. 2023, 2301250 2301250 (5 of 11)

magneto-mechanical energy into electrical energy. Therefore,
at first, a detailed understanding of the heat transfer dynamics
is required to identify key thermal design parameters and to
optimize their effect on the conversion of thermal energy. In
the following, a validated lumped element model (LEM, SIM-
SCAPE R-2021b, 2021, MATLAB) is introduced to analyze the
thermal performance of the TMG. The LEM and simulation
procedure has been adapted from previous work for the actual
double-beam cantilever design and material parameters of the
Gd film.”] The LEM model has been validated by comparing
experimental performance data on time-dependent actuation
stroke, frequency, induced electrical current, and corresponding
power output. The dynamics of heat intake during mechanical
contact between the Gd film and the heat source, and of subse-
quent heat dissipation through heat conduction and convection
are simulated. Thereby, the heat transfer coeflicient x at contact
is used as an adjustment parameter. The resulting temperature
change of the Gd film is then used to calculate the change of
magnetic attraction force and the resulting mechanical perfor-
mance. The modeling parameters are summarized in Table S2
(Supporting Information). Figure S8 (Supporting Information)
shows, for instance, experimental and simulated time-resolved
characteristics of cantilever deflection and induced electrical
current. Within the experimental error estimated to be below
5%, the simulated time-resolved characteristics describe well
the experimental results.

Figure 6 gives an overview on simulated heat intake, heat
dissipation due to conduction and convection as well as cor-
responding temperature changes in the Gd film in the inves-
tigated range of ambient temperatures T, and source tem-
peratures T, ... The heat intake shown in Figure 6a correlates
with the heat source temperature T, .. At low ambient tem-
peratures, the largest heat intake occurs ranging from 70 mW
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Figure 6. Simulation results on the thermal performance of the TMG device as a function of ambient temperature (T,,;) and heat source temperature
(Tsource)- Numerical values can be inferred from the given color code. A summary of numerical values is also provided in Table S1 (Supporting Infor-
mation). a) Heat intake during mechanical contact between the Gd film and the heat source, b) heat dissipation due to heat conduction from the Gd
film via a non-conductive bonding layer to the cantilever, c) heat dissipation due to heat convection from the Gd film to the ambient air, d) resulting

average temperature change of the Gd film Tg,,.

at Tyource Of 40 °C to 97 mW at Ty of 70 °C. For increasing
ambient temperature, the heat intake decreases. Thus, min-
imum values of =40 mW are found at the ambient tempera-
ture of 19 °C. The key parameter governing heat intake is the
heat transfer coefficient x at contact between the Gd film and
the heat source. LEM simulations reveal that x should be as
large as possible. At least, a minimal heat transfer coefficient is
required, above which stable resonant oscillation occurs char-
acterized by large stroke and frequency.?! In the present case,
the required minimal heat transfer coefficient x is determined
to be ~4000 Wm~2K~! by matching the measured electrical and
mechanical performance of the TMG with the LEM simula-
tions, which is in line with our previous simulations* and lit-
erature data.??!

The simulated heat dissipation from the Gd film by heat
conduction to the cantilever via the bonding layer (Figure 6b)
shows the same dependencies on T, and T as the heat
intake. In particular, the largest heat dissipation by heat con-
duction occurs at low ambient temperatures, ranging from
60 mW at T,y of 40 °C to 79 mW at Ty, of 70 °C. Com-
paring these numbers with the heat intake, the heat conduc-
tion accounts for the largest fraction of heat dissipation. Thus,
the cantilever acts as the major heat sink. The heat dissipation
from the Gd film by heat convection to the ambient air corre-
lates with the stroke and frequency of oscillation and, hence,
dependencies on T, and Ty differ from the heat intake
to some extent (Figure 6¢). Nevertheless, the heat dissipation
by conduction and convection is matching the simulated heat
intake indicating overall consistency of the results. The key
parameter governing conductive heat dissipation is the thermal
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resistance R, of the bonding layer between the Gd film and the
cantilever.BY This value requires adjustment during the design
of the TMG device to match heat intake during contact with the
heat source for optimal heat transfer.

Owing to the rather large oscillation frequency and corre-
sponding short heat transfer times, the resulting temperature
changes shown in Figure 6d are rather small varying between
1.2 °C at low ambient temperatures T,,;, of 9 °C and =0.45 °C
at T, of 19 °C. This result is remarkable, as only a fraction
of a degree in temperature change AT appears to be suffi-
cient to enable stable operation under resonant self-actuation
conditions.

As the cantilever acts as the major heat sink, the cantilever
temperature T, is another important thermal parameter.
Figure 7a shows the simulated cantilever temperature T, in
the investigated range of ambient and source temperatures.
The value of T, increases for increasing ambient temperature
T.mp and source temperatures Ti,,... Minimal values of T,
are =25 °C, while maximum values reach 34 °C. The increase
in T, causes a reduction in heat dissipation of the Gd film,
which consequently limits the heat intake as well. Therefore,
the increase in T, for increasing ambient temperature T,
correlates with the reduction in heat dissipation and in heat
intake shown in Figure 6.

At the optimum power point (T, = 11 °C, Tipuee = 65 °C),
the cantilever temperature T, is determined to be 28.4 °C.
In this case, the film temperature Tg,, varies in time between
~28.5 and 29.4 °C (AT = 0.9 °C) as shown in Figure 7b. The
corresponding time-resolved heat intake (Figure 7c) occurs in
short pulses within =0.5 ms with each pulse corresponding to
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perature (Tsource), b) time-dependent change of temperature of the Gd film (Tg,) and of the corresponding cantilever temperature T,,;, at the optimum
power point (T,mp =11 °C and Ty = 65 °C), ¢) corresponding time-dependent change of heat intake of the Gd film at contact with the heated magnet.

the time of contact between the Gd film and the heated magnet.
Subsequent cooling occurs within =9 ms. This performance
may be compared with the lower limit of operation at ambient
temperature T, of 19 °C and source temperature Ty, of
50 °C. In this case, the cantilever temperature T, is almost
the same (28.6 °C), but the film temperature Tg,, only varies
by 0.45 °C. Our results indicate that this value of AT is a lower
limit for resonant self-actuation. In this case, the corresponding
change of magnetization AM drops below a critical limit, below
which the magnetic attraction force can no longer compensate
for damping losses.

7. Discussion

Film-based TMGs can operate in the mode of resonant self-
actuation enabling high frequency and stroke and, thus, effi-
cient conversion of thermal into electrical energy. However,
the range of usable heat source temperatures is higher than
the ferromagnetic to paramagnetic transition temperature Tc
of the used thermomagnetic material, e.g., 1000-170 °C for a Ni-
Mn-Ga film with Tc of =98 °C at 0.5 T.2® Therefore, suitable
thermomagnetic films need to be developed and implemented
having a critical temperature Tc near room temperature.
Promising material candidates include Gd which has a Tc
of 20 °C. Here, we investigate the coupled thermo-magneto-
mechanical performance of a Gd-film TMG near room tem-
perature for decreasing heat source temperatures from 75 °C
down to 35 °C to assess its potential for recovery of low-grade
waste heat.

For the TMG design, we use a validated LEM simulation
model as described in detail by Joseph et al.?’l It involves an
adjustment of the resonance frequency by the cantilever dimen-
sions, the optimization of heat intake by the dimensions of
contact area between film and heated magnet, the matching
of heat dissipation via the bonding layer between film and
substrate as well as matching of load resistance. The LEM is
used to investigate the conditions for resonant self-actuation
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as well as to identify the optimal performance parameters for
maximum power and efficiency during resonant self-actuation
at maximum possible ambient temperature.

Film-based TMG devices show self-adapting performance,
i.e., the frequency and amplitude of resonant self-actuation vary
as a function of the ambient and heat source temperatures and,
thus, the devices can operate in resonant self-actuation mode at
different levels of heat transfer.?*2%] However, our investigation
of a Gd-film TMG reveals a sharply bound range of ambient
and source temperatures required for resonant self-actuation.
The upper limit of ambient temperature T, coincides with
the temperature at which AM/AT is maximum (19 °C at 0.5 T),
while at 20 °C and beyond resonant self-actuation is no longer
possible independent of heat source temperature Ty, .. At the
limit of T, = 19 °C, TMG devices are still capable to generate
=1 uW at the minimum and maximal heat source temperatures
of 50 and 75 °C, respectively. At lower ambient temperature
T, of 11 °C, for instance, resonant self-actuation abruptly
sets in already at 40 °C, whereby a power output of 1.3 uW is
obtained. The corresponding relative power per footprint of
10.3 W cm™ (8.1 mW cm™> power per Gd volume) is about
the highest value observed for Gd-based TMGs at low-tempera-
ture difference between heat source and ambient of only 29 °C.
When further increasing T;,u.., resonant self-actuation stops
abruptly beyond =71 °C. At T,y of 40 °C, the efficiency given
by the ratio of electrical output power and intake of thermal
power is =0.0021%. The corresponding relative efficiency given
by the ratio of absolute and Carnot efficiency is estimated to
be 0.045% assuming that the cantilever temperature is the heat
sink temperature as it accounts for =80% of heat dissipation.
The corresponding Gd film material’s efficiency is determined
to be 0.02%. It is given by the ratio of output magnetic energy
and thermal input energy, whereby the output magnetic energy
is determined from the thermomagnetic cycle of the Gd film
shown in Figure S9 (Supporting Information). The concept of
resonant self-actuation does not rely on using the full temper-
ature range of the magnetic transition for energy conversion,
but on a minimum possible temperature change of the film
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ATy, to achieve the maximum electrical power output instead
of optimal efficiency. The efficiency is lower compared to TEG
devices at similar AT. Furthermore, operation conditions are
highly dynamic and far from stationary conditions. In this case,
an appropriate performance metric is the ratio of electrical
power output and intake of thermal power.

The Gd-film TMG is optimized for operation at maximum
possible ambient temperature and exhibits a pronounced max-
imum power point at an ambient temperature T, of 11 °C,
which coincides with the maximum stroke and frequency at
the heat source temperatures between 55 and 70 °C. The max-
imum power is =3 UW corresponding to a power per footprint
of 23.8 uW cm2 (18.8 mW cm™3). Our thermal analysis indi-
cates that the Gd film temperature varies in this case by 0.9 °C at
=10 °C above the film’s ferromagnetic transition temperature Tc.
At this temperature, the temperature-dependent change of film
magnetization AM/ATunder 0.5 T is 1.4 Am? kg™ K! and, thus,
the corresponding change of magnetization AM is determined
to be =1.3 Am? kg™!. While optimal heat transfer dynamics are
important to sustain resonant self-actuation, the ambient and
source temperatures causing maximum heat transfer do not
coincide with the corresponding temperatures causing max-
imum power output. This can be explained by the complex
dependency of power not only on the heat transfer dynamics but
also on the mechanical and electrical performances. Thus, opti-
mizing power does not require the largest heat intake or temper-
ature change within the material, but rather optimal heat intake
and temperature change enabling highest frequency and stroke.

We can identify three limiting cases for operation of the Gd-
film TMG defining its sharply bound operation range: 1) an
upper limit of ambient temperature Ty of 19 °C for all heat
source temperatures T, 2) a lower limit of source tem-
perature T, between 40 and 50 °C, and 3) an upper limit
of source temperature Tom. between 70 and 75 °C, whereby
specific values of Tamm. and Time. depend on ambient tem-
perature T,.;. The lower limit of ambient temperature is not
investigated here, as the focus is on the potential of waste heat
recovery near room temperature.

Case 1): At maximum ambient temperature Ti of 19 °C,
the temperature change AT of the Gd film during a mechan-
ical oscillation cycle reaches a minimal value, below which
the change of magnetization AM (Figure 1b) and corre-
sponding change in magnetic attraction force become too
low to compensate for losses during oscillation. For instance,
at the source temperature, T,y Of 50 °C, AT is only 0.45 °C
(28.7 °C < Ty < 29.15 °C) causing a low magnetization change
AM below 0.6 Am? kg™!. At the source temperature Ty, of
70 °C, Ty varies by =1.1 °C (34.2 °C < Tgm < 35.3 °C). How-
ever, at these elevated film temperatures, the temperature-
dependent change of magnetization AM/ATis reduced by more
than a factor of 2 (Figure 1b), and, therefore, the lower limit of
AT is already reached at a correspondingly higher value. Below
these limits of AT, resonant self-actuation is no longer possible.

Case 2): At the lower limit of source temperature Tomm. the
oscillation frequency reaches a lower limit, below which the
mechanical and thermal duty cycles get out of balance. This
performance results from too low heat intake due to the low-
temperature difference between source and film temperature.
For instance, the frequency reaches its lowest value of 52 Hz
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at Tomw. of 40 °C. In this case, the heat intake is only 51 mW.
Consequently, resonant self-actuation becomes unstable despite
the relatively large change of magnetization AM under 0.5 T of
=1.5 Am? kg™,

Case 3): At the upper limit of source temperature T,
the cantilever temperature T, reaches an upper limit, above
which the mechanical and thermal duty cycle gets out of bal-
ance. As discussed in Section 6, the cantilever acts as the major
heat sink. Therefore, the increase of T, leads to overheating
due to limited heat dissipation. For instance, at T, of 70 °C,
the cantilever temperature reaches 31 °C at T, of 9 °C and
even 34 °C at T, of 19 °C.

Figure 8 gives an overview of operation frequency, temper-
ature change AT, and power per footprint for selected TMG
devices having different sizes and operating at different heat
source temperatures. Only TMG devices are considered for
comparison, for which an electrical power output and the
dimensions have been reported. Film-based TMGs rely on
mechanical contact between film and heat source for heat
intake and on heat dissipation via the oscillating cantilever. In
this case, the large surface-to-volume ratio of the film allows
for a large frequency of operation being typically in the range
of 50 to 200 Hz.**?’] Therefore, film-based TMGs exhibit
much higher frequencies compared to devices using bulk
TMG materials operating at a few Hz only. Comparing the
temperature change AT of the used thermomagnetic materials
(Figure 8b), AT values of the Gd-film TMGs of 0.45-1.2 °C are
the lowest reported for TMGs up to now. Low values of AT
are desirable as a low amount of thermal energy is sufficient
for power generation. For film-based TMGs operating in reso-
nant self-actuation mode, minimum AT values depend on the
temperature-dependent change of magnetization AM/AT of
the used material. Recent work on TMGs based on Heusler
alloy Ni-Mn-Ga films revealed typical values between 3 and
10 °C.[21 Other TMGs using bulk thermomagnetic materials
are operated at even higher AT values, typically between 30!
and 80 °C.1**l In particular, bulk Gd and La-Fe-Co-Si materials
have been investigated in macro-scale TMG devices with an
optimized magnetic circuit to directly convert the change of
magnetization into electrical current using a heat transfer
fluid for heat exchange between thermo-magnetic material
and heat source/sink.?% In this case, TMGs using Gd showed
a lower power output compared to La-Fe-Co-Si, which has been
ascribed to losses due to magnetic stray fields originating from
its unsymmetrical magnetization versus temperature charac-
teristics. However, such conditions do not apply to Gd-film
TMGs that operate at lowest AT values under dynamic, reso-
nant self-actuation conditions to achieve optimal power output.
In Figure 8c, we compare the power per footprint of the TMGs
taking the size dependence of power output into account. The
power per footprint of the Gd-film TMG of 23.8 uW cm™ is
among the largest values reported for TMGs operating below
100 °C. Even at 40 °C, the Gd-film TMG achieves a power per
footprint of 10.3 uW cm™. Larger values up to 50 W cm™2
have been achieved for TMGs based on Heusler alloy Ni-Mn-
Ga films operating between 130 and 170 °C.*’) A maximum
power per footprint of 3.1 uW cm™ has been reported for a
TMG based on Gd bulk material®® and 31.7 pW cm™ for a
TMG based on La-Fe-Co-Si.l”l However, in these cases, the
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power consumption and size of the pumping system used for
heat transfer have not been taken into account. Therefore, the
power per footprint of our device outperforms state-of-the-
art TMGs in the temperature range near room temperature.
The high performance of the Gd-film TMGs is enabled by the
concept of resonant self-actuation allowing for very low device
footprint of 12.6 mm?, operation at high frequency, and lowest
temperature change of the thermomagnetic material down to
0.45 K.

When comparing the power densities with TEG devices, the
temperature difference and length scale should be taken into
account, as it defines the applicability and competitiveness.>*l
The power output of the Gd-film TMG compares well with
state-of-the-art TEG devices at the mm-length scale, if the size
of the heat sink is taken into account. For comparison, see,
e.g.,3*¥! This is due to limitations in microfabrication of the u-
TEGs, which strongly limits AT requiring large heat sinks that
exceed the size of the TEG module by far (see, e.g.,13).

A detailed account of economic properties of TM materials
is given in ref. [6]. For a Gd material cost of 20 € kg™, the cost
index of the Gd film has been estimated to be 8 € WL This
estimate does not include the costs of processing and shaping,
as these costs depend on the scale of production. As pointed
out in ref. [6], while material cost will hinder bulk application,
this is not the case with microsystem applications. In this case,
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processing costs will be the dominant factor, which strongly
depends on chip size and footprint.

8. Conclusions

We present a Gd-film-based TMG that has been developed and
optimized for resonant self-actuation near room temperature.
The 40 um thick Gd film is fabricated by triode sputtering and
shows a large magnetization M exceeding 70 Am? kg™ at 0.5 T
and a corresponding maximum temperature-dependent change
of magnetization AM/AT of 2.3 Am?kg'K! at 19 °C. A detailed
experimental and LEM simulation study is presented to assess
the coupled thermo-magneto-mechanical performance of the
Gd-film TMG near room temperature. When operating in reso-
nant self-actuation mode, the TMGs exhibit high operation
frequencies up to 105 Hz due to the large surface-to-volume
ratio of the Gd film. Thereby, the Gd film undergoes a very
low-temperature change AT of 0.4-1.2 K. The large oscilla-
tion stroke and frequency result in high power per footprint
up to 23.8 uW cm=2. In this case, the Gd film temperature
varies by 0.9 °C at =10 °C above T.. The device performance
strongly depends on the balance of heat intake and heat dis-
sipation, which are determined by the heat transfer coefficient
at contact between the Gd film and the heat source and by the
thermal resistance of the bonding layer between the Gd film
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and the cantilever, respectively, acting as the major heat sink.
Resonant self-actuation of the Gd-film TMG occurs in a sharply
bound temperature range, which is determined by three lim-
iting cases. 1) The upper limit of ambient temperature occurs
near the film’s ferromagnetic to paramagnetic transition tem-
perature T, of 20 °C, above which the temperature change AT
of the Gd film and, thus, the corresponding change in mag-
netic attraction force becomes too low to compensate for losses
during oscillation. 2) The lower limit of source temperature is
reached at =30 K above ambient temperature, below which heat
intake becomes too low and, thus, mechanical and thermal duty
cycles get out of balance. 3) The upper limit of source tempera-
ture is caused by overheating when heat intake can no longer
be balanced by heat dissipation.

The TMG devices are well suited for powering microelec-
tronic devices due to their ability to actively generate air cir-
culation to cool themselves in a confined space without the
need for any heat sink to maintain the temperature gradient.
The fabrication process of the Gd-film TMG outlined in the
Experimental Section is compatible with MEMS technology
including sputtering of the TM film and hybrid integration
of the TM film and pick-up coil by transfer bonding, which
can be easily combined with microelectronic fabrication tech-
nology. The power output in the pW range will be sufficient to
render sensors, watches, and 10T devices independent of bat-
teries. Depending on the target application, power levels can be
adapted by arranging the TMG devices in an array for operation
in parallel. As the Gd film is exposed to low strain at the canti-
lever, long life is expected. This has been confirmed by running
the TMG device at =100 Hz for 3 d without any degradation cor-
responding to more than 25 million cycles.

In this work, the investigated Gd-film TMG serves as a
demonstrator system to investigate TMG performance in res-
onant self-actuation mode at heat source temperatures near
room temperature. Specific applications will require further
efforts in materials development and engineering. So far,
the upper limit of ambient temperature of 19 °C limits the
application range. Performance improvements are expected
in particular by tailoring the thermomagnetic film materials
with respect to slightly higher values of T; and larger tempera-
ture-dependent changes of magnetization AM/AT. Our results
indicate that increasing the ferromagnetic transition 1. by
=2 °C will enable resonant self-actuation at room temperature,
which could be achieved, e.g., by developing Boron-doped Gd
films.?¥) Enhancing AM/AT will enable further reduction of
the lower limit of source temperature to enable recovery of
low-grade thermal energy below 40 °C at room temperature.
This will open the door for novel self-powered medical devices
using the temperature difference between body and room
temperature.

9. Experimental Section

The Gd film was fabricated by triode sputtering of a Gd target of 3N
purity onto a rotating Si substrate of diameter 100 mm, heated at
400 °C.* The Gd layer was protected by Ta buffer and capping layers
of thickness 100 nm, also deposited at 400 °C. Thanks to the elevated
temperature of deposition, the Ta/Gd/Ta trilayer could be easily peeled
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from the Si substrate.?#%% X-ray diffraction (XRD) confirmed the hcp
crystallographic structure of the Gd layer (data not shown). Magnetic
characterization of the Gd film was performed using an extraction
magnetometer.

A pulsed laser was used to structure the alumina substrate having
a thickness of 630 um. The cantilever design consists of two parallel
beams, whereby the beams at the cantilever back were connected by a
link for parallel beam alignment. The lateral dimensions were designed to
be 0.9 X 5.3 mm?. Fabrication was performed by laser precision cutting
of a Cu-Zn foil of 30 um thickness. The micromachined cantilevers were
then attached to a ceramic substrate using a non-conductive bonding
layer. The pick-up coil consists of a polymethylmethacrylate (PMMA)
core with dimensions of 1x 1 x 0.25 mm? and outer end caps made of
a 50 um thick Kapton foil with lateral dimensions of 2 x 2 mm?2. They
consist of 400 turns of an enamel-coated copper wire of 15 um diameter
fabricated using an in-house built semi-automatic coil winder. The two
ends of the copper wire were bonded to the two cantilever tips using
an electrically conductive bonding layer. The pick-up coil was bonded
to the front end of the cantilever using a non-conductive bonding layer
by sandwiching the electrical contact of the pick-up coil between the
pick-up coil and the cantilever. The Gd film was laser cut to an area of
2 x 2 mm? and then mounted on the upper side of the cantilever front
using a non-conductive epoxy bonding layer. A bonding layer thickness
of 18 um was used, which corresponds to a thermal resistance of
20 K W7 Finally, the connecting link between the beams at the
cantilever back was removed before a connector socket was attached
to the TMG and the pins were electrically connected to the cantilever. A
permanent magnet of SmCo of 3 x 3 X 8 mm? size was mounted above
the cantilever using a custom-made holder. Beforehand, the magnet
surface was polished to a mirror finish using sandpaper to optimize
heat transfer at contact between the Gd film and the magnet. A resistive
heater was integrated in the holder to adjust the temperature of the
magnet. Temperature control was realized using an RTD sensor (PT
100) attached near the tip of the magnet. The dissipated power of the
heat source has been matched to the mass of the magnet. The RTD
sensor was connected to a temperature sensor module USB-TEMP
from MCC and InstaCal software was used to process the temperature
data. The ambient temperature was maintained by cooling down the
entire laboratory room to maintain the large thermal heat sink and was
monitored using two thermocouples, one close to the setup and one
further away to make sure that the temperature was similar throughout
the experiment.

The measurement setup consisted of precision stages that allow
for aligning the TMG device with respect to the magnet to maximize
thermal contact during operation. A laser triangulation sensor
from Panasonic (Panasonic HL-G103S)) was used for deflection
measurements. The sensor was used in Analog mode by connecting it
to a USB 6211 A/D card from National Instruments. Since the cantilever
was bending upwards, it undergoes a 2D motion, which causes an
error of =5% between measured and actual stroke. A load resistor was
connected to the TMG to measure the electrical output of the device.
The electrical current through the load resistor was determined using
a current pre-amplifier from Stanford Research Systems (Model SR570)
connected in series. A sensitivity of 100 LA V™' was chosen, which allows
for a resolution of 60 pA under a low noise setting. The output of the
current pre-amplifier was also connected to an USB 6211 A/D card and
a PC. Data recording and initial data processing was performed by
using LabVIEW, which involves the calculation of instantaneous power
from the measured current. A python script was used to analyze the
data to calculate average power by integrating instantaneous power
for the entire time and dividing it by the duration of data acquisition.
The stroke was calculated by doing a peak-to-peak analysis of deflection
measurement data and averaging over the entire measurement. FFT
analysis was used to determine the operation frequency from time-
resolved deflection measurements. Power, stroke, and frequency were
calculated for 10 measurements taken consecutively and then the mean
values were calculated to obtain the average values of power, stroke and
frequency at each measurement point.
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