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SUMMARY

Thermomagnetic (TM) generators based on Heusler alloy films have
the potential to recover waste heat below 200�C at small tempera-
ture differences . Progress in the development of materials that
exhibit large abrupt changes in ferromagnetic ordering and in film
engineering enable efficient thermomagnetic generation via reso-
nant self-actuation of freely movable film-based devices. Yet, power
levels of individual devices are low, and upscaling becomes a key
issue of material development and engineering. Here, we address
the key question of how film thickness and device footprint affect
power and efficiency. We investigate the scaling performance of
heat intake, heat dissipation, and resulting local temperature
changes. Based on this understanding, the electrical power per foot-
print could be increased by a factor of 3.4. Maximum values of elec-
trical power per footprint are 50 mW/cm2 at a temperature change of
only 3�C, which marks an important milestone in the upscaling of
Heusler alloy film-based TM generators.

INTRODUCTION

Energy harvesting has developed into a broad research area due to the widespread

demand for energy in remote or hardly accessible places. Major applications are in

wireless sensor networks, e.g., for environmental monitoring, in handheld or

implantable devices as well as in wearable electronics to allow for self-sustaining

operation without power supply by cables or batteries.1,2 Recovery of thermal en-

ergy is of particular interest as waste heat is a growing and abundant energy

resource. A large proportion of energy consumption in urban and industrial sectors

is rejected as waste heat that increases with energy consumption. Much of this

unrecovered waste heat energy is in the low temperature regime (10�C–250�C).3–5

However, when temperature differences become small, energy conversion becomes

inefficient. Thermoelectric generation using the Seebeck effect is currently the most

mature technology for thermal energy generation in this temperature range.6,7 How-

ever, thermoelectric generators suffer from restrictions of down-scaling and require

relatively large temperature differences of at least 100�C to reach an efficiency of

5%.6 The efficiency is determined by the thermoelectric figure of merit ZT, which

is in the order of 1 for common thermoelectrics like bismuth telluride.8

Thermomagnetic (TM) generation has gained renewed interest in recent years, even

though first concepts have been proposed already in the nineteenth century and

various theoretical and experimental investigations on the use of ferromagnetic ma-

terials have been undertaken since then including cobalt (Co), iron (Fe), and gado-

linium (Gd).3,4,9 While relative efficiencies of ferromagnetic materials operating

about their Curie temperature reach theoretical values up to 55% of Carnot effi-

ciency,10 experimental values are considerably smaller.3,11 The different concepts
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focus either on first or second-order phase transformations near the Curie point and,

more recently, consider spin reorientation that exploits a temperature-induced

change in the magnetic easy axis.12 Recent developments of macroscale TM demon-

strators include thermomagnetic oscillators and linear harvesters.13,14 A survey of

thermomagnetic alloys with respect to energy per cycle and frequency has been re-

ported.15 Existing TM demonstrators either involve indirect energy conversion via

periodic mechanical motion such as rotation and oscillation or direct thermal-to-

magnetic energy conversion.3 Major challenges arise due to the need for special ma-

terials that exhibit a large change of magnetization DM at small temperature differ-

ence DT and due to various engineering issues related to the strong thermo-

magneto-mechanical coupling of system properties and various loss mechanisms,

including magnetic stray fields, parasitic heat transfer, and friction. Experiments

on a millimeter-scale TM energy harvesting device indicate that micro/nanoscale

systems have the potential to operate at substantially higher frequencies due to

increased surface-to-volume ratio allowing to generate higher power outputs.16

Recent progress in the development of Heusler alloys enables large, abrupt changes

of magnetization in the vicinity of room temperature offering new opportunities to

convert thermal to electrical energy.15,17–21 Even for small magnetic fields of 24

kA m 1 (3 kOe) and small temperature difference DT of 5 K, calculations predict ef-

ficiencies in the order of 16% of the Carnot limit.17,18 Heusler alloys offer a number of

options for TM generation.17,19 For instance, a first-order transformation from ferro-

magnetic austenite phase to nonferromagnetic martensite phase could be used in

metamagnetic alloys such as Ni-Co-Mn-Z (Z = In, Sn).17,22 Here, we make use of

the abrupt drop of magnetization at the second-order ferromagnetic transition of

the Heusler alloy film Ni53.5Mn23.8Ga22.7, which will be referred to as Ni-Mn-Ga

film hereinafter. The chemical composition is tailored to adjust phase transformation

temperatures. The advantage of using a first-order magneto-structural transforma-

tion is the larger DM/DT. However, it comes with a hysteresis, which is absent for

the second-order transition. Therefore, it highly depends on DM/DT and the hyster-

esis of the used material, which option may result in a higher power output.

In this work, the unique concept of TM generation via resonant self-actuation of a film

cantilever is used, which allows for high frequency in the order of 100Hz and, thus, rapid

heat transfer.20 By this approach, a high power density normalized to the activematerial

volume of 120 mWcm 3 has been achieved,20 which is in line with theoretical predic-

tions of up to 300 mWcm 3 for thin plates.17 Being a self-actuating and self-adjusting

device, there is no external actuation or influence needed for operation except the ther-

mal energy source. Yet, owing to the small volume of the active material of

23230.005 mm3, the power has been limited to about 2.4 mW.20 Therefore, upscaling

of the active material’s volume will be essential to meet power levels for applications at

length scales beyond the millimeter scale, while keeping the advantages of high effi-

ciency and rapid heat transfer of film-based devices.

In the following, we investigate the scaling effects of Ni-Mn-Ga film thickness and the

footprint of the TM generators on power and efficiency. Major challenges are in film

fabrication maintaining the large change of magnetization DM at small temperature

difference DT as well as in TM generator engineering enabling resonant operation

conditions despite the increase of the active material’s volume. We elucidate the

heat transfer dynamics during resonant operation and demonstrate how to optimize

power per footprint, which allows evaluating the potential of Heusler alloy film-

based TM generation.
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HEUSLER Alloy Films

Heusler alloys are ordered intermetallics that exhibit multiferroic phase transformations

as electronic spin interactions strongly depend on changes in interatomic distances and

local symmetry.23–26 Prominent examples are the alloys Ni-Mn-Z and Ni-Co-Mn-Z (Z =

Ga, In, Sn, etc.) that exhibit giant effects including magnetic-field-induced strain,24

magnetoresistance,27 magnetocaloric effect,28 and magnetic-field-induced shape

memory effect.26 Here, we focus on films of the magnetic shape memory alloy

(MSMA) Ni-Mn-Ga, which show both, a first-order martensitic transformation and a sec-

ond-order ferromagnetic transition. TheNi-Mn-Ga films are fabricated by RFmagnetron

sputtering, whereby the sputtering power is adjusted to control the Ni content and thus

the phase transformation temperatures.29 Film thickness is limited to a maximum of

about 10 mm due to constraints in sputtering time and related film homogeneity.

Heat treatment conditions are tailored for optimal temperature-dependent magnetiza-

tion near the ferromagnetic transition. Phase transformation temperatures of the films

are determined by differential scanning calorimetry (DSC). A typical DSCmeasurement

is depicted in Figure 1A. The peaks reflect the first-ordermartensitic transformation with

transformation temperatures in the range of 57�C– 83�C. The transition temperatures

depend largely on chemical composition and related electron concentration per atomic

unit (e/a-ratio), which allows tailoring in a wide range.30 Figure 1B shows a temperature-

dependent magnetization measurement of a Ni-Mn-Ga film at a low magnetic field of

0.05 T. At room temperature, the material is in a martensitic and ferromagnetic state.

A small step-like feature occurs at about 70�C, which is attributed to the martensitic

phase transformation. At the Curie temperature TC of about 102�C, the magnetization

undergoes an abrupt ferromagnetic transition showing a large change DM in a narrow

temperature window DT, which is much less affected by chemical composition.31 This

transition exhibits no hysteresis due to its second-order nature. In the following, we

use the abrupt change of DM/DT at TC to generate a temperature-dependent force

for resonant self-actuation of the film cantilever in a magnetic field gradient at a low

magnetic field (<0.5T). Under such conditions of a low magnetic field and well-sepa-

rated first and second-order transitions, the magnetocaloric effect is assumed

negligible.

Layout and Concept of UPSCALING

Figure 2A shows a schematic of the TM generator and illustrates the operation prin-

ciple as well as the concept of upscaling. The TM generator consists of a

Figure 1. Thermal and Magnetic Characteristics of a Heusler Alloy Film Ni-Mn-Ga

(A) Differential scanning calorimetry measurement of a Ni53.5Mn23.8Ga22.7 film with 5 mm thickness.

The peaks reflect the first-order martensitic transformation with corresponding martensite start/

finish temperatures Ms/f of 74
�C /57�C and austensite start/finish temperatures As/f of 63

�C/83�C.

(B) Low-field magnetization versus temperature curve upon heating for a Ni53.5Mn23.8Ga22.7 film

with 5 mm thickness. At the Curie temperature TC of 102�C, the magnetization shows a sharp drop

DM in a narrow temperature window DT.



freestanding metal cantilever beam of Cu-Zn that is mounted at one end to a sub-

strate. The Ni-Mn-Ga film and a miniature pick-up coil are attached to the movable

front end of the cantilever. A heatable permanent magnet of Samarium Cobalt

(SmCo) is mounted above the cantilever front to generate a magnetic force. The

magnet provides the magnetic field gradient needed to attract the cantilever front

and, at the same time, acts as the heat source of the generator. While in ferromag-

netic state, the cantilever is deflected out-of-plane toward the magnet, which heats

the film during contact and induces the ferromagnetic transition. Thereby, the mag-

netic attraction force decreases, while the elastic force of the cantilever takes over

and pulls the cantilever back. Thus, the antagonism of magnetic and elastic forces

causes continuous self-actuation. An oscillatory motion of the cantilever occurs,

which is supported by the inertia force of the cantilever front. The oscillation effec-

tively enhances the cooling of the Ni-Mn-Ga film required to repeat the actuation cy-

cle. In previous work, we demonstrated that resonant self-actuation is possible if

heat transfer is large enough to cause a sufficiently large change of magnetization

during oscillation.20 By this unique concept of TM generation, the Ni-Mn-Ga film un-

dergoes a continuous thermomagnetic cycle, whereby thermal energy is converted

indirectly into magnetic energy via the generation of work. Both, the thermally and

motion-induced change ofmagnetization induce a current in the pick-up coil accord-

ing to Faraday’s law. The range of heat source temperatures is determined by the

Curie temperature TC and the dynamics of heat transfer. The present layout is opti-

mized for resonant operation between 130�C and 170�C.

For upscaling, the volume of the active material of the TM generator is increased in

order to increase the power per footprint, which is an important figure of merit as

the surface area is a key parameter for heat transfer. Three demonstrators are consid-

ered having a Ni-Mn-Ga film thickness of 10, 20, and 40 mm. However, film thick-

nesses are limited to a maximum of about 10 mm due to constraints in sputtering

time and related film homogeneity. Therefore, we increase the thickness stepwise

by stacking identical Ni-Mn-Ga films of 10 mm thickness with the same lateral dimen-

sions and magnetization characteristics above each other as sketched in Figure 2A.

Fixation of the film stack is accomplished by using bonding layers of conductive ad-

hesive in between the films and an insulating layer between film stack and cantilever.

The effect of the bonding layers will be considered in Discussion section. Increasing

thermal and inertiamass upon upscaling affects the performance of the TMgenerator

considerably. Therefore, a number of issues have tobe solved in order tomaintain the

conditions of rapid heat transfer and resonant self-actuation. This includes fabrication

technology, optimization of cantilever geometry affecting footprint, electrical load

Figure 2. Layout and Modeling Approach
(A) Schematic operation principle of the TM generator. The MSMA film stack consists of one or

several Ni-Mn-Ga films of 10 mm thickness separated by bonding layers. A heated permanent

magnet is used as the magnetic field and heat source.

(B) Equivalent circuit diagram of the electro-mechanical part of the TM generator. The mechanical

part consists of a spring-mass-damper system with stiffness K and damping constant D. The

electrical part includes the internal resistances of the pick-up coil Ri and load resistance RL. The

induced electrical current is denoted by Im.



resistance, and most importantly, heat intake during contact between the film stack

and heat source (permanent magnet) as well as heat dissipation, which both depend

on the dynamics of cantilever motion. The cantilever stiffness is adjusted by adapting

the cantilever length. Thus, the scaling of film thickness is coupled to the footprint

given by the lateral dimensions of cantilever and substrate. The footprint of the refer-

ence device of 5 mm thickness is 17 mm2, which consists of the lateral dimensions of

the cantilever of 335 mm2 and of the substrate of 2 mm2. The corresponding Ni-Mn-

Ga film has lateral dimensions of 232 mm2.20 The magnetic attraction force is

adjusted via the separation between magnet and cantilever front. A photo of the

TM generator (Figure S1) can be found in the Supplemental Information. Figure 2B

shows an equivalent circuit diagram of the TM generator. Themechanical part is rep-

resented by a spring-mass-damper system. The electrical part comprises the internal

resistance of the pick-up coil, a variable load resistor, and current pre-amplifier.

Modeling Approach

A lumped element model (LEM) is set up to describe the heat transfer, dynamic mo-

tion, and resulting power generation. The simulation procedure and major analytic

expressions are given in the Supplemental Information. As the mechanical, thermal,

and magnetic properties of the TM generator are strongly coupled, the equation of

motion needs to be solved simultaneously with the thermal kinetics and correspond-

ing change of magnetic properties. The time-dependent temperature profile in the

Ni-Mn-Ga film stack strongly affects the magnitude and phase dependency of the

magnetic attraction force on the cantilever. The temperature profiles are determined

by thermal LEM simulations, which is illustrated by a schematic diagram in Figure S2

in the Supplemental Information. The heat transfer between the Ni-Mn-Ga and

bonding layers of the film stack ismodeled using thermal resistors and thermal capac-

itors. The contact between film stack and the heat source is crucial for TMgeneration.

The heat transfer between the film stack and surface of the magnet is determined by

contact area and impact force during contact, which is included as a strongly repul-

sive elastic force. Thus, heat transfer is expected to increase for the increasing thick-

ness of film stack as the increase of required cantilever stiffness and the increasing

magnetic attraction force enlarge impact force. Since heat transfer coefficients criti-

cally depend on the dynamics of cantilever actuation, they are difficult to determine

experimentally. Nevertheless, they can be determined by LEM simulations bymatch-

ing simulated and experimental characteristics of frequency and stroke for each film

thickness and heat source temperature. The obtained thickness dependence of heat

transfer coefficients due to contact is summarized in Figure S3A in the Supplemental

Information. The range of values is consistent with results obtained from the contact

resistance equation showing that the used thermal boundary conditions are conser-

vative.32 Similarly, we assume thickness-dependent heat transfer coefficients for air

convection. The obtained coefficients for convective heat transfer are summarized

in Figure S3B. The field-dependent and temperature-dependent magnetization of

the Ni-Mn-Ga films is determined experimentally and included in the model as a

look-up table. The magnetic field, field gradient, and magnetic force are computed

using analytical methods.33 Calculated stationary magnetic forces are validated by

experimental force-displacement characteristics. The dynamic mechanical deflec-

tion is described as a one-dimensional motion of the center-of-mass at the cantilever

front by a spring-mass damper model. Dissipative forces are due to structural damp-

ing, viscous damping in air, and electromagnetic damping. The average electrical

power is determined by the integration of the current signals induced in the pick-

up coil. The load resistance is adjusted for maximum power, as shown in Figure S4

in the Supplemental Information.



Further details on the simulation procedure are presented in the Supplemental Infor-

mation. The simulation parameters are summarized in Table S1. The LEM is validated

by a series of experiments on time-dependent cantilever deflection and electrical

performance. Typical simulated and experimental characteristics of resonant me-

chanical oscillation and corresponding electrical current induced in the pick-up

coil are shown in Figure S5 in the Supplemental Information. For all film thicknesses

and heat source temperatures studied, simulation characteristics agree with exper-

imental results within an accuracy of 10%.

RESULTS

Dynamic Performance of Heat Transfer

Figure 3A shows simulated time-resolved average temperature profiles in the top

and bottom layer of the Ni-Mn-Ga film stack, in the section of metal cantilever below

the film stack and in the pick-up coil under stationary conditions for a heat source

temperature of 170�C and an ambient temperature of 22�C. At the resonance fre-

quency of 146 Hz, the top NiMnGa layer shows a temperature change DT of about

3�C between the maximum (Thot) and minimum (Tcold) temperature. Subsequent Ni-

Mn-Ga layers exhibit smaller temperature variations, as the bonding layers reduce

heat transfer. Consequently, the bottom Ni-Mn-Ga layer only shows a temperature

variation of about 2�C. The metal cantilever allows for conductive cooling of the film

stack. In particular, the cantilever front below the bottom Ni-Mn-Ga layer acts as the

main heat sink, i.e., its temperature (Tcant f) represents the heat sink temperature.

Under stationary conditions, this temperature reaches about 87�C showing only a

minor temperature variation of 0.1�C. The pick-up coil shows an even smaller tem-

perature variation in the order of 0.05�C due to its larger thermal capacitance.

Thermomagnetic Cycle

Figure 3B shows a simulated thermomechanical cycle for a demonstrator with film

thickness of 40 mm in comparison with an idealized thermomechanical cycle. Under

idealized conditions, four different steps can be distinguished: II/III and IV/I

denote heating and cooling steps at fixed magnetic fields corresponding to the

Figure 3. Thermomagnetic Cycle of the TM Generator

(A) LEM simulation of time-resolved average temperatures of top and bottom layer of the Ni-Mn-

Ga film stack (Ttop and Tbot) and of the cantilever front (Tcant f) during thermomagnetic cycling of a

demonstrator with overall Ni-Mn-Ga film thickness of 40 mm for a heat source temperature of 170�C.

The maximum temperature change DT is indicated. The inset shows a schematic of the cantilever

front with the MSMA film stack and pick-up coil.

(B) LEM simulation of actual and ideal thermomagnetic cycles of a demonstrator with Ni-Mn-Ga film

thickness of 40 mm for a heat source temperature of 170�C. In ideal case, the cycles consist of four

steps 1–4 as explained in the text. The enclosed areas are used to determine the generated

magnetic energy.



ferromagnetic transition; I/II and III/IV assume that the change of magnetization

for increasing and decreasing magnetic field occurs isothermally. The simulated cy-

cle of the TM generator deviates from the idealized case due to non-isothermal

magnetization change during oscillatory motion. After heating to its maximum tem-

perature Thot , the Ni-Mn-Ga film starts to cool once it moves away from the magnet

and reaches its minimum temperature Tcold before touching the magnet again. The

areas enclosed by the four steps define the net magnetic energy per cycle, which is

reduced compared to the idealized cycle roughly by a factor of two. The magnetic

energy per cycle is used to determine the magnetic power Pmag and efficiency h

given by the ratio of magnetic power and net input heating power. In the present

case of 40 mm film thickness shown in Figure 3B, the efficiency is determined to be

about 0.041% under actual conditions. In the following, the effect of upscaling the

Ni-Mn-Ga film thickness on average electrical power and efficiency will be evaluated.

Effect of Upscaling

Figure 4 gives an overview of the performance characteristics of the TM generators

for increasing overall film thickness between 10 and 40 mm as well as various heat

source temperatures between 130�C and 170�C. This is themost interesting temper-

ature range for the investigated material, whereby the lower limit is determined by

the material’s Curie temperature. The upper limit depends on the design and could

be extended further, which however appears to be less interesting from the point of

view of harvesting waste heat.

For a given heat source temperature, the oscillation frequency and actuation stroke

show a significant increase for increasing film thickness as shown in Figures 4A and

4B. The increase of oscillation frequency is a consequence of increased actuation forces

and increased heat transfer. First, the cantilever stiffness increases as the cantilever

length have to be reduced to counterbalance the increase of inertia mass for resonant

operation. Second, the magnetic force increases due to the extra volume of magnetic

material. The increasing actuation forces cause an increase in actuation stroke. In addi-

tion, they lead to an increase of impact force at contact to the magnet. Therefore, heat

intake during contact Figure 4C also increases for increasing device thickness, which

translates to a higher frequency of operation. At the same time, the footprint decreases

with the decrease of the cantilever length. Similarly, the frequency increases for

increasing heat source temperature as the transferred heat increases and, thus, the heat-

ing time during contact between cantilever front and heat source decreases. This

change in heat transfer dynamics has a minor effect on the oscillation stroke, which

changes by less than 20% for increasing heat source temperature as shown in Figure 4B.

The results on heat intake and maximum temperature changes DT are depicted in

Figures 4C and 4D. Even though the transferred thermal energy during mechanical

contact between cantilever front and the heat source is about the same for film thick-

nesses at the heat source temperature of 170�C, the heat intake increases for

increasing film thickness due to the increasing inertia force. As shown in Figure 4C,

the heat intake increases from 228 to 293.5 mW, when increasing the film thickness

from 10 to 40 mm, respectively. On the other hand, the heat dissipation becomes less

effective due to the larger film thickness and additional bonding layers, thus, more

heating power is retained in the film stack. An overview of the conductive and

convective heat losses for the different film thicknesses and heat source tempera-

tures is given in Figures 4E and 4F.

Our LEM simulations reveal that heat losses due to conduction and convection in-

crease for increasing heat source temperature as expected, however, they show



different thickness dependencies. While convective heat losses are increasing

continuously for increasing thickness, conductive heat losses approach an upper

limit and saturate. A similar trend is found for lower heat source temperatures.

The continuous increase in heat convection is due to the increasing oscillation fre-

quency at increasing film thickness, while the increasing number of bonding layers

pose an upper limit to heat conduction. Yet, heat conduction through the cantilever

is the dominant mechanism for heat dissipation and the cantilever front acts as the

main heat sink in all cases. As shown in Figure 3A for the case of 40 mm film thickness,

the temperature at the cantilever front is almost constant during resonant oscillation.

Similar behavior is found for smaller film thicknesses, while temperature values in-

crease slightly from 87�C (40 mm) to 93�C (10 mm).

Both, heat intake and heat losses determine the maximum temperature change DT

occurring in the top layer of the film stack, see Figures 3A and 4D. A detailed list of

thickness-dependent temperature changes can be found in Table S2 in the Supple-

mental Information. For the case of 10 mm film thickness and a heat source

Figure 4. Effect of Upscaling on the Mechanical and Thermal Performance of TM Generators

(A) LEM simulation and experimental characteristics of oscillation frequency and (B) of the stroke of

cantilever front. Experimental data are mean values with a standard error as indicated.

(C–F) (C) LEM simulation of heat intake, (D) of maximum temperature change of the MSMA film

stack, (E) of conductive heat losses, and (F) of convective heat losses.

Thickness-dependent characteristics are plotted for different TM generators with Ni-Mn-Ga film

thicknesses of 10, 20, and 40 mm as indicated.



temperature of 170�C, the film temperature varies between about 101�C and 91�C

corresponding to a DT of about 10�C. For increasing film thickness, DT decreases to

5.4�C and 2.9�C at film thicknesses of 20 and 40 mm, respectively. Thereby, mainly

the maximum temperature in the film stack decreases, while the corresponding min-

imum temperature is almost unaffected. These temperature changes are further

decreasing for decreasing heat source temperatures. At heat source temperatures

of 120�C and below, when the achievable DT drops below 3�C, the corresponding

change of magnetization DM becomes too low to support resonant self-actuation.

Figure 5A reveals a significant increase in electrical power for increasing overall film

thickness as well as for increasing heat source temperature, which correlates with the

increase of oscillation frequency. This increase results from the frequency-depen-

dent increase of induced electrical current due to Faraday’s law. Figure 5B summa-

rizes the effect of scaling film thickness and device footprint on power and efficiency.

We find that film thickness and device footprint are interrelated and oppositely

affect the generated electrical power. Consequently, the power per footprint in-

creases significantly by a factor of 3.4 when increasing film thickness to 40 mm. At

the same time, the efficiency remains almost constant.

For the investigated range of heat source temperatures, extending the range of film

thicknesses beyond 40 mm does not lead to a further increase of power. Simulations

for a film thickness of 50 mm reveal a further increase of frequency but a decrease of

stroke resulting in a decrease of power compared to 40 mm film thickness. A typical

power versus thickness plot can be found in Figure S6 in the Supplemental Informa-

tion. For larger film thicknesses of 60 mm and beyond, resonant self-actuation is no

longer possible due to the limited heat transfer dynamics.

DISCUSSION

Upscaling of TM generators based on Heusler alloy films should enable the increase

of electrical power while keeping the advantages of high efficiency and rapid heat

transfer. Here, we address the key question of how scaling of film thickness and de-

vice footprint affect power and efficiency.

Figure 5. Scaling Effect of Film Thickness and Device Footprint on Power and Efficiency
(A) Simulated and experimental characteristics of average electrical power. Thickness-dependent

characteristics are plotted for different TM generators with Ni-Mn-Ga film thicknesses of 10, 20 and

40 mm as indicated. Experimental data are mean values with a standard error as indicated.

(B) Interdependence of film thickness, device footprint, average electrical power, and efficiency.

Film thickness and device footprint oppositely affect power. For comparison, the corresponding

performance data of the reference device of 5 mm thickness are included, which have been

evaluated for the same pick-up coil of 400 turns and heat source temperature of 170�C.



For this purpose, the following issues are investigated and evaluated:

(1) Fabrication technology: The thickness of active ferromagnetic material should

be increased in discrete steps without affecting the temperature-dependent

magnetization characteristic DM/DT.

(2) Optimization of electrical power: an increase of electrical power per footprint

is the main motivation of this investigation. By increasing the thickness of

active ferromagnetic material and adapting the footprint of the cantilever,

the electrical power should increase, while constraints of self-actuation force

and heat transfer are expected to pose an upper limit. This gives rise to two

additional issues:

(3) Resonant self-actuation is the key to achieve large power and high efficiency.

Therefore, resonant oscillation conditions have to be upheld despite the in-

crease of active material’s volume and corresponding changes of the coupled

magneto-mechanical and thermomechanical properties.

(4) Efficient heat transfer: a detailed understanding of heat intake and heat dissi-

pation is required for tuning of efficiency and optimization of power.

In this investigation, we use a certain combination of state-of-the-art magnetic ma-

terials, i.e., active Heusler alloy Ni-Mn-Ga films and SmCo permanent magnet, to

fabricate a series of demonstrators and to compare their performance properties

without loss of generality. This approach involves a number of technological con-

straints like maximum film thickness (10 mm) and a limited number of coil turns, which

are considered as fixed boundary conditions. In order to ensure comparability, the

same permanent magnet with the same magnetic field gradient and the same

pick-up coil is used for all demonstrators. Under such conditions, issue (1) can be ful-

filled by stacking identical Ni-Mn-Ga films of 10 mm thickness above each other and

using bonding layers of conductive adhesive in between them. The additional

bonding layers affect heat transfer within the film stack and overall heat dissipation,

which will be further discussed below. We demonstrate that the considered material

parameters and technology constraints allow for power optimization, but also give

rise to a limit in the upscaling of the TM generator. Nevertheless, depending on

future progress in the field, our approach can be transferred to other enhancedmag-

netic materials and improved technology constraints to enable further upscaling.

The main results of demonstrator performance are summarized in Table 1 for a heat

source temperature of 170�C. An important outcome of this investigation is the signif-

icant increase in electrical power for increasing film thickness up to 40 mm,while the foot-

print decreases at the same time (issue [2]). Consequently, themagnetic power per foot-

print determined from the magnetic cycle increases from 0.8 mW/cm2 to a maximum of

1.1mW/cm2 for increasing film thickness from 10 to 20 mm. Further increase in film thick-

ness to 40 mm results in a slight decrease to 1.05mW/cm2. This decrease correlates with

a slight decrease in efficiency as the heat intake further increases with increasing film

thickness. Yet, the electrical power generated by induction in the pick-up coil shows a

continuous increase with film thickness and reaches a maximum of 5.3 mW at 40 mm

thickness. The corresponding electrical power per footprint is 50 mW/cm2. In this

case, a periodic temperature change of only 3�C is required; see Figure 4D. Compared

to the reference device of 5 mm film thickness, this is an increase bymore than a factor of

3.4.20 This performance competes with state-of-the-art thermoelectric generators at

length scales in the cm range and low-temperature difference.34

The strategy to achieve the power increase relies on the tuning of magnetic attrac-

tion force, mechanical reset force, and heat transfer dynamics in order to uphold



resonant oscillation conditions (issue [3]). The achieved increase in power follows

from the increase of the mechanical energy of oscillatory motion, which increases

for increasing mass and frequency as long as resonant conditions are maintained

and which, in turn, supports magnetic cycles with increasing changes of magnetic

energy.

Our results demonstrate that, for a given ferromagnetic material and magnetic field

gradient, the upscaling approach is ultimately limited by the heat transfer dynamics

(issue [4]). For better understanding, detailed simulations are performed on the

scaling dependence of heat intake, heat dissipation, and of the resulting tempera-

ture changes in the Ni-Mn-Ga layers. The heat transfer coefficients depend on the

dynamics of cantilever actuation, which in turn depends on film thickness and heat

source temperature. By matching the simulated and experimental characteristics,

it has been possible to obtain a consistent set of heat transfer coefficients given in

Figure S4 in the Supplemental Information, which are in line with typical values re-

ported in the literature.32 LEM simulations reveal that heat intake increases for

increasing film thickness, while conductive heat losses being the dominant mecha-

nism for heat dissipation saturate. Thus, the corresponding fraction of average re-

tained to average input heating power increases from about 80 % to 94 % for

increasing film thickness from 10 to 40 mm, respectively. At lower heat source tem-

peratures, these fractions only deviate slightly and show the same thickness depen-

dence. This result shows that a major fraction of heat remains in the SMA film stack

and contributes to the temperature change DT, which is an important prerequisite

for large power.

However, the increasing film thickness causes a decrease in temperature change DT

of the film stack during oscillation, which has two important consequences. First, the

decreasingDT leads to a reduction in efficiency for increasing film thickness. Second,

the decreasing DT poses a critical limit on further upscaling of film thickness. The

present investigation clearly reveals that a minimum DT is required for resonant

self-actuation, which depends on the details of material properties, operation tem-

peratures, and device design. For the present TMgenerators, this limit is in the range

of 2�C–3�C. When the film thickness becomes too large, the achievable DT is no

longer sufficient to cause enough change of magnetization DM to support resonant

self-actuation.

An interesting question is concerned with the role of the bonding layers used in this

study to stack several Ni-Mn-Ga films above each other. The bonding layers reduce

heat transfer and, thus, cause a small temperature gradient from top to bottom (<1K)

so that the bottom layers contribute less to resonant self-actuation. In order to

analyze this effect, we performed a simulation, in which the stack of four Ni-Mn-

Ga films and thermally conductive bonding layers have been replaced by one

Table 1. Performance Results of the TM Generators

Film Thickness (mm) Footprint (mm2) Frequency (Hz) Stroke (mm) DT (K) Magnetic Power per
Footprint (mW/cm2)

h(%) Electrical Power (mW)

10 13.4 114 1.8 10.1 0.8 0.047 3.1

2 X 10 12 136 1.9 5.4 1.1 0.046 4

4 X 10 10.6 145 2.1 2.9 1.05 0.041 5.3

40a 10.6 146 2.1 3.2 1.23 0.045 5.7

Results are given for heat source temperature of 170�C. The footprint is determined from the difference areas of the cantilever and the substrate area of 2mm2.
aFor comparison, the estimated performance of a TM generator with a 40 mm thick homogeneous Ni-Mn-Ga layer is included, which is based on LEM simulations.



40-mm-thick homogeneous Ni-Mn-Ga layer with just one remaining non-conductive

bonding layer of thickness in the range of 15–20 mm. As can be seen in Table 1,

removing the intermediate bonding layers slightly improves power. In the optimum

case, an increase in electrical power and efficiency by about 10% is expected due to

the better homogeneity of the temperature profile in the 40 mm thick layer. For

smaller film thicknesses and lower heat source temperatures, these effects are

even smaller. However, decreasing the thickness of the remaining bonding layer

or increasing its thermal conductivity would significantly increase heat dissipation

and, thus, power and efficiency would strongly decrease.

Reliability is no major concern as the Ni-Mn-Ga layers are not subjected to large

strain and thermal changes remain small as well. So far, demonstrators were oper-

ated continuously for up to 3 days without any performance change corresponding

to more than 33106 operation cycles.

Conclusions

TM generators are moving into the focus of research on waste heat recovery due to

recent progress in the development of Heusler alloys that exhibit large abrupt

changes of magnetization at small temperature difference DM/DT as well as in the

development of thermodynamically efficient film-based devices that convert heat

to electricity within a small temperature difference below 10�C. The high-perfor-

mance operation is achieved by thermally induced resonant self-actuation at the

large amplitude and high frequency using a film cantilever with a large surface-to-

volume ratio. Here, investigated heat source temperatures are in the range between

130�C and 170�C, whereby the low-temperature limit is determined by the Curie

temperature. We demonstrate how to enhance power by upscaling the active mate-

rial’s volume and, at the same time, keeping the advantages of high efficiency and

rapid heat transfer of film-based devices. In particular, we show that the scaling of

film thickness and device footprint oppositely affect power. Consequently, the elec-

trical power per footprint of film-based TM generators can be enhanced by more

than a factor of 3.4 when increasing the film thickness from 5 to 40 mm. Maximum

values of electrical power per footprint are about 50 mW/cm2 at a temperature

change of only 3�C. This performance competes with state-of-the-art thermoelectric

generators at miniature length scales (cm range). Below 3�C, resonant self-actuation

is no longer possible due to the limited change of magnetization DMof the used film

material.

The large power per footprint at low-temperature difference is of particular interest

for miniature scale thermal energy harvesting to meet the growing needs, e.g., in

wireless sensor networks and smart control systems for the building sector or indus-

try 4.0. It is foreseen that upscaled TM generators could be arranged in parallel ar-

chitectures to cover larger areas toward meter scale for waste heat recovery without

giving up the rapid heat transfer due to the film geometry and keeping the condition

of resonant self-actuation.

Further advances in the field strongly depend on progress in fabrication technology

(e.g., extending maximum film thickness, increasing the number of coil turns at

micrometer scale) and in further improvements of materials properties including

magnetization change per temperature (DM/DT) and thermal conductivity. Heusler

alloys showing first-order magneto-structural phase transformation are of special in-

terest; however, the focus has to be on alloys with hysteresis close to zero. Another

important direction of research should be dedicated to advanced Heusler alloy films



with Curie temperatures well below 100�C to enable waste heat recovery near room

temperature.

EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Further information and requests for resources should be directed to and will be ful-

filled by the Lead Contact, Manfred Kohl (manfred.kohl@kit.edu).

Materials Availability

There are restrictions on the availability of Ni-Mn-Ga films due to the lack of an

external centralized repository for its distribution and our need tomaintain the stock.

Data and Code Availability

The published article includes all datasets generated or analyzed during this study.

The LEM supporting the current study has not been deposited in a public repository

because it is used in on-going research, but it is available from the Lead Contact on

request.

Fabrication

The Ni-Mn-Ga films are prepared by RF magnetron sputtering in a high-purity argon

atmosphere. The sputtering power is adjusted to control the Ni content and thus the

phase transformation temperatures.29 Heat treatment is performed at 1,073 K for

10 h to tailor the temperature-dependent change of magnetization at the Curie tem-

perature TC. The composition of crystallized freestanding films is determined to be

Ni53.5Mn23.8Ga22.7 by the inductively coupled plasma method. The film thickness is

adjusted by the sputtering time to be 5 and 10 mm. Details on the structure of the

investigated films can be found in Ohtsuka et al.35

The cantilever beams are fabricated by cutting a brass (Cu-Zn) sheet of 20 mm thick-

ness keeping a tolerance of less than 20 mm. Their lateral size and length are adjusted

in each case to match the thickness of the Ni-Mn-Ga film. The Ni-Mn-Ga films are

bonded above each other using conductive adhesive and are attached to the canti-

lever using non-conductive adhesive. The pick-up coils are fabricated by sandwich-

ing a 250 mm thick Poly(methyl methacrylate) (PMMA) core of area 1 3 1 mm2 in be-

tween two 25 mm Kapton foils of area 2 3 2 mm2. The coils are wound with a self-

made setup using an insulated copper wire with a diameter of 15 mm. A high-temper-

ature permanent magnet of Samarium Cobalt (SmCo) with operating temperature

tolerance up to 350�C is used as the magnetic field and heat source. It has a

cross-sectional area of 3 3 3 mm2 and an axially pole distance of 8 mm. The magnet

is positioned with respect to the Ni-Mn-Ga film surface at an optimum distance and

angle using a digital microscope to ensure maximum contact but to avoid impact to

themagnet surface under operation. Themagnet is heated until a stationary temper-

ature is reached before experiments are started. Data are recorded by keeping the

temperature of the heat source constant and changing the load resistance of each

reading. These steps are repeated for each set of source temperature.
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