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Abstract

We consider the ways in which magnetically hard materials can be used as the working materials in thermomagnetic power
generation (TMG) cycles in order to expand the area in the magnetisation vs. applied field (M — H) plane available for
energy conversion. There are 3 parts to this Perspective. First, experiments on commercially available hard ferrites reveal
that, while these materials are not yet good TMG candidates, hard ferromagnets with higher thermal conductivity and
a greater change of magnetization with temperature could outperform existing TMG materials. Second, computational
results indicate that biasing a soft magnet with a hard ferromagnet is essentially equivalent to shifting the M — H loop
by an amount proportional to the field of the biasing magnet. Work outputs under biased conditions show a substantial
improvement over unbiased cycles, but experimental verification is needed. Third, we discuss the rationale for exploring

E artificial spin reorientation materials as novel TMG working materials.

H Keywords: thermomagnetic, power conversion, magnetocaloric, spin reorientation
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1. Introduction

1.1. Energy harvesting and pyromagnetic heat engines

The industrial ability to generate power from heat is
' well established, but it suffers from a lack of widespread
adoption, despite the magnitude of available waste heat

sources [I}, 2]. In 2017, industrial energy use accounted for
37% of the 9.7 gigatonne of oil equivalent (GToe) world-
wide total final consumption [3]. Much of the energy con-
sumed by industry is in thermal processes such as cement-
making and steelmaking and about 20-50% of this is dis-
— carded as heat [4].

) Many commercial heat energy conversion devices em-
() ploy an indirect approach, first converting heat to mechan-
O\l ical work, and then using this mechanical energy to drive

. an electric engine. The most commonplace method is the

»= organic Rankine cycle (ORC), which has an energy gener-

ation cost of $1500-3500/kW [5]. However, the relatively
a low efficiency of the ORC in small-power (kW-scale) set-
tings means that alternative working fluids and cycles are
being sought. This search is complicated by the fact that
solid-state alternatives to fluid-based heat-to-mechanical
indirect energy generation are few, relatively expensive,
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and are currently inefficient. Thermoelectric power gener-
ation (TEQG) is arguably the most developed, and is based
on the Seebeck effect - the generation of a voltage across
a material by a temperature difference. Studies have con-
cluded that the optimal deployment of TEGs is not cur-
rently in the low-grade heat environments targeted by the
materials studied here [0} [7].

This article aims to provide a novel perspective on re-
search into pyromagnetic effects (PMEs), and in doing so,
open up a new source of magnetically hard, anisotropic
power conversion materials. The pyromagnetic effect is
the induction of a magnetization by the action of a change
of temperature. It is strong around a magnetic phase tran-
sition and is the corollary of the more often-studied mag-
netocaloric effect, the basis for magnetic field-driven cool-
ing [8]. Both Edison, in 1888 [9] and Tesla (in 1889 [I0]
and 1890 [I1]) published the first patents on the use of iron
near its Curie point as a working material for conversion
of heat into electricity but a lack of suitable pyromagnets
to cover a range of applications has arguably resulted in
only a sporadic research literature until now.

Interest in energy harvesting, combined with the dis-
covery of new magnetocaloric materials that have been
proposed as pyromagnets, has resulted in increased atten-

tion for the field of TMG [12} 13}, 14} [15 16|, 17, 18], 19} 20}
21]. One method for using the pyromagnetic effect in TMG
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is to surround a heated ferromagnet with a coil. When the
ferromagnet becomes paramagnetic above its Curie tem-
perature, the changing flux in the external coil results in
a current [IT]. This is direct conversion to electricity of
the energy associated with the magnetic field of the py-
romagnet. By contrast, indirect methods such as a Curie
wheel are also feasible [22]. In a Curie wheel, the active
pyromagnetic material is arranged on the circumference of
a wheel that is rotated in a variable magnetic field. During
rotation, the pyromagnet is heated and cooled by exter-
nal fluids. The hot fluid is essentially the energy source in
this scenario. Cold parts of the pyromagnet ring are more
attracted to the high field zones, resulting in a torque and
thereby conversion of heat into mechanical energy [22]. A
review of the history of thermomagnetic devices can be
found in Refs. [23] 24]. Recent commercial activity in this
area includes a Curie-wheel motor which used gadolinium
with a minimum temperature span of 20 °C to generate
power in the kilowatt range with zero emissions [25].

As discussed by Hsu et al. [I3], the measure of effi-
ciency, 7, of a pyromagnetic heat engine is the ratio of work
output (W) to heat input (Qp) and has a Carnot limit,
Ncarnot, defined by the temperature of the heat source,
Thot and that of the heat sink, Teoiq:

w
n= 1
on (1)

Tcold
rnot — 1-—- 2
TICarnot Thot ( )
n

Trel = 3
: TICarnot ( )

Here, 1, is defined as the engine efficiency relative to that
of the Carnot limit. Low grade waste heat (which the US
Department of Energy defines as heat supplied at tempera-
tures below 230°C [26]) is sufficiently abundant as to make
it the prime target for technology development, despite its
reduced Carnot efficiency according to Equation [2 Pyro-
magnetic heat engines are expected to function at up to
55% of Carnot efficiency at temperatures a few hundred
degrees Kelvin above room temperature [13], 27]. By con-
trast, the efficiency of typical TEGs has not exceeded 20%
of the Carnot value [0].

1.2. The role of pyromagnetic material properties

The efficiency of a pyromagnetic heat engine is ulti-
mately the property of a given device. However, the max-
imum efficiency of any device can be derived from ma-
terial properties, depending on the thermodynamic cycle
employed. The starting point for determining the poten-
tial pyromagnetic output of a magnet is the examination of
a thermomagnetic cycle of the “working material” such as
the one shown schematically in Figure a). The magne-
tization, M, of a conventional ferromagnetic pyromagnet
will decrease as a function of temperature (OM /0T < 0).
It is also possible for an unconventional pyromagnet, in

which M /0T is instead positive, to be used and the ther-
modynamic cycle to be reversed. However, we will focus
on the more common conventional effects.

In Figure a), the isothermal magnetisation of the py-
romagnet is shown as a function of magnetic field at two
temperatures, Thot and Teoq, which are those of the heat
source and heat sink, respectively. In the example cycle,
the material begins at point (1) in a low temperature, high
magnetization state at a low applied field value. The mag-
netic field is increased isothermally up to point (2). Then,
the material is heated at a constant magnetic field, drop-
ping its magnetization to point (3). From point (3) to
point (4), the field is decreased at constant temperature,
bringing the material to a low magnetization, high tem-
perature state. The last step in the cycle is to cool the
material in a fixed field, to return to the starting position
(1). The work output, W from the pyromagnetic work-
ing material is given by the area bounded by the magnetic
isotherms at Thot and at Teo1q [28):

W:fMO]{HdM:uO?{MdH, (4)

where H is the magnetic field applied. This area (shaded
in the M vs H plots in Figures [[{a) and (b)) should be
maximized.

While it is not a focus of our Perspective, we complete
this subsection with a statement on the cycle efficiency.
From Equation [1, we need to calculate the heat input to
the engine, Q). From conservation of energy:

Qh:QC+W7 (5)

where (). is the heat rejected by the engine to the cold
sink. As explained by Solomon, the (. term comprises
two contributions, when heat flows into the cold sink.
In our cycle, these are in steps (4)—(1) and (1)—(2) .
During step (1)—(2), an amount of heat TyoqAS flows
into the cold sink, resulting from changing the magnetic
field applied to the working material at fixed tempera-
ture Tiolq. During step (4)—(1), the working material is
cooled from Tior to Teolq in a finite field. Therefore, the
amount of heat passed to the cold sink during that step is
fTh"; C,(T, Hy)dT where C,(T, Hy) is the heat capacity of
the active pyromagnetic material at constant pressure and
magnetic field H;. In this nomenclature, we may write the
efficiency of a pyromagnetic engine as:

St Co(T, Hy)dT + TeaAS + o § M dH-

old

n=



Year Ref. Working Field Type Comments
material source
1884 29] (A) Iron Perm. P.R. First description of a Curie wheel as a “novel magnetic engine”.
1887 (A) Iron Either P.R. + | Edison’s first article on TMG, describing a rotating armature
Static powered by heat and a means of converting that rotation into
electricity.

1888 [ (P) Iron Either P.R. First TMG patent, based on kinetic output from a rotating
armature (an aspect of 1887 article).

1889 [31] (P) Nickel Perm. P.R. Demonstrator made for educational purposes, using a nickel arc
on a pendulum. First research article to provide a
thermodynamic analysis.

1889 10] (P) Iron Either Linear Functional armature used to harvest energy.

1890 11] (P) Iron Perm. Static First patent of an induction device.

(1)
1892 [32] (P) Iron Either P.R. + Device based on second half of 1887 paper, designed to produce
Static dc or alternating current via induction-based energy recovery.
(3+)

1904 22] (P) Unspecified E/M P.R. First patent of a Curie wheel.

1930 33| (P) Unspecified E/M P.R. Patent using current-driven heating of working material.

1935 34 (P) Various Either Static First patent to suggest materials with different T¢; discussion of

suggested (1) deleterious effects of thermal hysteresis.

1940 [35] (P) Fe-Ni Perm. PR. + Used light to heat Ni-Fe alloys, driving either a Curie wheel or

Static inducing a current in a coil.
1945 (P) Fe-Ni Either P.R. First patent to suggest the use of waste heat.
1948 27] (A) N/A Perm. Static Thermodynamic analyses of induction-based TMG: proposed
(1) Ericsson cycle.
1959 [37) (A) Gd Perm. Static Design only: direct (induction-based) conversion of electricity
(1) based on 20 °C heat source and Alnico XII permanent, fixed
magnet.

1964 [38] (A) Fe ferrofluid E/M P.R. Thermodynamic analysis of a FF circulation-based TMG

(FF) without regeneration. Here, rotation is circulation of the FF
caused by the presence of the high field region.

1967 [39] (A) Fe ferrofluid E/M P.R. Thermodynamic analysis of a FF circulation-based static TMG
with regeneration.

1969 [40] (A) Fe ferrofluid E/M P.R. Proposed modulation of applied magnetic field in FF
circulation-based TMG to achieve Carnot efficiency.

1969 41] (P) Fe-Ni Perm. P.R. Multiple stators in a ring structure.

1970 142, [43] Fe-Ni Perm. P.R. Ornament, using heat to drive motion.

(P)
1972 [44] (A) Unstated E/M P.R. Single-pole wheel with low output and efficiency; postulated use
(Te ~50°C) of more suitable working materials.
1973 (P) Gd Perm. P.R. First Gd-based engine patent, using rotation of thin Gd strips.
1977 46] (A) NdCos Perm. Static First spin reorientation-based approach; induction using
(2) Pretzel-like geometry.

1984 47 (P) Soft ferrite Perm. P.R. Proposed use of counter-torque from an external generator to
provide smooth rotation.

1984 [48] (A) Gd Perm. Static Thermodynamic analysis: demonstrated that thermal

(1) regeneration would improve TMG efficiency. Power density also
calculated for shunts made of Fe and HoggFes;.

1988 [49] (P) Ni-Fe Perm. P.R. Use of solar heat or flame heat to generate motion via

(example) pyromagnetic effect.
1988 28] (A) Gd E/M Static Thermodynamic analysis; showed that cycling the magnetic
(1) field improves efficiency of generator.
1989 B0 (A) Y2 (Fe,Co)17 E/M Static Thermodynamic analysis of a static generator with regeneration
(1) and a compositionally graded working material.
2006 51] (A) Fes4NizsCrig Perm. P.R. 3-pole, 5 W output device operating with ATres=84 K.
2007 52] (A) Gd Perm. Linear 127 pm-thickness Gd film attached to a spring; inferred

potential electrical output (via piezoelectric conversion) of
1.85-3.61 mW cm 3.




2008

Not specific

Perm.

A report which proposed the feasibility of a 1 kW, 2 Tesla TMG
device operating at 5 Hz with a ATres=95 K and a hot reservoir
temperature of 120°C.

2011

FesP-based

Either

Static

A patent on the use of FeaP-based materials for the direct
conversion of waste heat to electricity.

2011

Heusler

Perm.

Static

(0)

Experimental study of NigsCosMnyoSnip as a low thermal
hysteresis alloy capable of converting heat into electricity by
induction.

2012

Gd

Perm.

A design study, comparing the exergetic efficiency of TMG,
ORC, Stirling and Rankine cycles.

2014

(M, Fo)s (P, As)

Perm.

Static

(2)

Used 4 (Mn,Fe)2(P,As) compositions in a induction-based TMG
with a regenerative Ericsson cycle.

2014

Ni-Co-Mn-In
(Heusler)

Perm.

Linear

Use of a free-standing Nisg.4Cos.7Mngs2.sInis.1 Heusler alloy film,
oscillating at 200 Hz, to generate electricity directly. Average
power density ~1.6 pW cm ™3 when the periodic temperature
variation in the TMG is 10 K.

2015

Gd

Perm.

Linear

Self-oscillation of a Gd cantilever between a room temperature
NdFeB magnet and an ice/water container, using a piezoelectric
layer to generate electricity.

2016

Gd,NdCos

N/A

N/A

Modeling of a thermomagnetic cycle, showing that spin
reorientation transition in NdCos with ATres=31 K could give
rise to an order of magnitude greater work density than Gd
operating with ATres=5 K.

2017

Gd

Perm.

Linear

Motion of Gd film converted into electricity via coupling to a
piezoelectric cantilever.

2017

Ni-Mn-Ga

Perm.

Linear

Self-actuating 5 pm Ni-Mn-Ga film on CuZn oscillating
towards/away from a heated magnet; 84 Hz resonant operation
with average power density ~118 mW c¢cm™2 when the periodic
temperature variation in the TMG is 3 K.

2015

Gd

Perm.

P.R.

Swiss Blue Energy builds a 1kW TMG system based on the
Curie ring principle, with ATres=50 K.

2018

Gd

Perm.

P.R.

Patent of the (Swiss Blue Energy) device to generate circular
motion from an annular ring of Gd successively warmed and
cooled in the vicinity of multiple magnets.

2019

(MHNISI)07
— (Fez Ge)o,g

Perm.

Linear

Passive device to generate current from bulk shape memory
alloys, using active heating and cooling, with an output power
density of 0.6 pW cm 3.

2019

La(Fe,Co,Si)13

Perm.

Static

3)

Suggested genus classification of static, induction-based
prototypes; demonstrated a design in 3rd genus, having 2
permanent magnets arranged to maximise power output and
minimise hysteresis effects.

2021

La(Fe,Co,Si)13

Perm.

Linear

Self-oscillating device. Active material is mounted on a
cantilever, to which piezoelectric plates are also attached.
Average power density ~6.8 pW ¢cm ™ and positive net power
output when ATres=38 K.

2021

La(Fe,Co,Si)13

Perm.

Static

3)

Demonstrated that TMG efficiency is higher with La-Fe-Co-Si
rather than Gd as the working material, due to the symmetrical
M(T) curve of the former.

2021

La(Fe,Si)1sH

Perm.

Linear

Improved self-oscillating device, using flexing of a piezoelectric
buzzer, on which the active material is mounted, to generate
electricity. Average power density ~240 pW cm ™2 and positive
(4.2 pW) net power output when ATres ~35 K.

Table 1: Details of a selection of TMG prototype developments found in patents (P), in academic articles (A) or in reports (R). We focus on:
the type of magnetic working material, magnetic field source used (or proposed) and the type of design. In the latter case, we use the TMG
prototype categorization of Kitanovski [24]: passive rotary (P.R.), static induction or linear. Static induction devices have a further genus
class (0,1,2 or 3) given, according to the terminology developed by Waske et al. [18]. The last column lists any other features of significance,
including ATres, the temperature difference between the hot and cold reservoirs. We note that most working materials are magnetically soft;
the 1977 TMG prototype of Ohkoshi et al. based on spin reorientation was the first to use a magnetically hard (anisotropic) working

material.




1.3. Hard Ferromagnets In Past TMG Studies

The role of hard ferromagnets in previous TMG re-
search and patent literature has primarily been to provide
the applied magnetic field required to convert heat into
work. In Table [I| we list a selection of the key advances
in past TMG prototype development from the late 18th
century to the present day, highlighting in particular the
choice of working material, magnetic field source, and heat
source (employed or anticipated, in the case of a design
proposal). Many of these are also discussed in Refs [23]
and/or [24]. As can be seen from this table, hard ferro-
magnets dominate the field source column, with magnetic
anisotropy in the working material only being explored in
the scientific literature in the work of Ohkoshi in 1976 and
1977 [65] 46] and 30 years later in the work of Carman
and co-workers [66], 67, [58]. While not the focus of our
work, several other trends are of note: (1) the preferen-
tial use of permanent magnets in later years, particularly
after high-strength permanent magnets made of materials
such as Nd-Fe-B became available; (2) that recent work
has divided into (sub-watt) energy harvesters and larger,
multi-watt systems; and (3) the increased study of passive
(self-actuating) small-scale devices in the last 10 years.

1.4. Single Domain Soft Ferromagnets, Hard Ferromag-
nets and Spin Reorientation

This Perspective’s focus on anisotropic, hard ferromag-
nets is strongly motivated by work conducted at UCLA by
Greg Carman and coworkers [13], 66] [67]. In 2011, Hsu et
al. concluded that single domain gadolinium could yield a
thermodynamic cycle with higher efficiency than is possi-
ble with polycrystalline, multi-domain crystals [I3]. The
reason for the hypothesis was that a magnetically soft ma-
terial with no domain walls can retain a magnetization
after the removal of an applied magnetic field. This fi-
nite remanance increases the area bounded by the hot and
cold isotherms in Figure a). The group pursued the idea
in nm-scale Gd thin films [66, [67]. Ultimately, the Gd
nanostructures fabricated had non-uniform crystallinity,
crystallographic ordering and some degree of oxidation,
factors which contributed to a lack of single domain be-
havior [66], [67].

The aforementioned previous work on single domain
magnets has led us to consider the use of magnetically hard
materials, which also exhibit finite magnetization at zero
field, for thermal energy conversion. We therefore present
three new perspectives on the use of hard ferromagnets in
a TMG cycle. In the first two instances, we utilise the
properties of established hard ferromagnets to measure or
model their potential impact on a TMG cycle. In the
third case, we offer a novel route to the construction of
anisotropic ferromagnets tailored to use as TMG working
materials.

The first perspective is the use of a hard ferromagnet
as the working material. As demonstrated below via ex-
perimental results, the aim is to use two, rather than one,

quadrant of the magnetisation vs. field (M — H) loop, as
depicted in Figure b). This aim is similar to the deploy-
ment of positive and negative electric fields in a study by
Basso et al. on the electrocaloric effect in the ferroelectric
copolymer P(VDF-TrFE) [6§].

The second perspective is the use of a hard ferromagnet
to provide a biasing field to a magnetically soft working
material. The aim here is to achieve a higher work output
than is possible without a biasing field while again utilising
two quadrants in M — H space. This part of the study will
be in the form of a numerical model.

The third perspective is the use of nano-structured
hard magnets to provide a novel source of spin reorien-
tation transitions (SRTs). In addition to single domain
pyromagnetism, Refs. [66] and [67] explored SRTs as a
source of pyromagnetism, based on the potential of the
SRTs to generate an order of magnitude more energy with
roughly comparable efficiencies [58]. It was found that
high-quality sample fabrication presented a significant ob-
stacle. Synthesized thin film, epitaxial NdCos samples had
non-uniform crystal epitaxy which limited their utility for
thermal energy applications [67, [66]. Our third perspec-
tive, is an alternative idea: an artificial spin-reorientation
compound can potentially be formed by combining layers
of two magnetic compounds with different easy axis align-
ments and temperature coefficients of magnetic anisotropy.
These artificial compounds may be easier to fabricate while
presenting a similar pyromagnetic effect to their thin-film
counterparts. Our presentation of this idea is conceptual.

The rest of this article is organized as follows. Section[2]
details: the materials and experimental methods used our
study of hard ferrites as working materials, and the com-
putational methods used to analyze the effect of a bias
magnetic field on a magnetically soft working material.
Section [ contains the main results of those two studies
and a discussion of the concept of artificial SRTs as py-
romagnetic working materials. Conclusions are drawn in
Section [l

2. Methods

2.1. Magnetically Hard Working Materials

Materials. Two hexaferrite (BaFe;2019) samples were stud-
ied in a in-house-developed magnetometer at the Neél In-
stitute in Grenoble, France. One is a cylindrical HF8/22
grade magnetically-isotropic ferrite measuring 3 mm in
height and 3 mm in diameter, with a reported BH, .
of 6.5 to 6.8 kJ/m3, provided by Distrelec in Switzerland.
The other is a cylindrical, anisotropic Y30BH grade, mea-
suring 5 mm in height and 4 mm in diameter, with a re-
ported BH,,  of 27.5 to 32 kJ/m?, provided by AMF

Magnetics in Australia.

Ezxperiments. An initial viability test was conducted for
each material by measuring isothermal magnetization loops
for a wide range of temperatures between -2 T and 2 T,
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Figure 1: Work outputs (shaded areas) of thermomagnetic cycles, operating between two temperatures, Teoq and Theot, and between two
applied fields, H; and Hz. A cycle is indicated by the numbers 1-4 in which order a positive work can be extracted from the TMG working
material. In (a) a soft ferromagnet (FM) is operated up to temperatures above its Curie point. One quadrant of the M — H is used. In (b),
a hard ferromagnet is operated below its Curie point, in positive and negative applied fields. In this case, two quadrants of the M — H loop
can be used. In the schematic shown, the temperature coefficient of the coercivity is negative, which is typical for most hard magnets. The
physical example presented in Section is a magnetically hard ferrite with a positive temperature coefficient of coercivity.

as shown in Figure [8] Then, the M — H loops were an-
alyzed to select isotherms which yield significant enough
changes in magnetization to generate substantial work out-
puts. For the second set of tests, both materials were
cycled between -0.25 T and 0.25 T, although an opera-
tional temperature range of 200 K (from Teoqg = 320 K to
Thot = 520 K) was used for Y30BH, whereas a range of
320 K (from Teoig = 280 K to Thot = 600 K) was used for
HF8/22. Each sample was loaded into the magnetometer,
and an initial magnetic field of 2 Tesla was applied at To1q
in order to ensure an axial magnetization in the positive z-
direction, regardless of sample orientation. Then, the field
was set to -0.25 T and the loops proceeded in a clockwise
fashion, as enumerated by points (1) through (4) in Fig-
ure 4l Each sample was cycled through four loops. The
work output for each loop was calculated by numerically
integrating the M — H isotherms, as outlined in Hsu et

al. [13].

2.2. Soft Ferromagnets Biased By a Hard Magnet

Materials. The interaction of magnetically soft magne-
tocaloric materials with a hard magnet were simulated us-
ing magnetization data from the literature. The 2 magne-

tocaloric materials in the simulation are: (i) a Ce-substituted,

fully hydrogenated La(Fe,Si);3 sample (nominal composi-
tion La0,82CeovlgFell,gSil_gH(;, henceforth LCFS—H), with
first order Tc = 60°C; and (ii) Gd, with T¢ = 25° C.
The LCFS-H material was prepared at Vacuumschmelze
according to methods described elsewhere [69]. Data for
magnetization as a function of temperature (on cooling,
from 94°C to 36°C in steps of 0.25°C) in fixed applied fields
(oH up to 1.6 Tesla, in steps of 0.1 Tesla) for LCFS-H
were taken at Vacuumschmelze and a subset of the data
is shown in Figure [2] whereas data for Gd were extracted
from the study by Hsu et al. [I3]. In our interaction sim-
ulations, each material was placed next to a magnetically

hard NdFeB magnet, which was simulated by parameters
from Radia [70], a magnetostatics package for Mathemat-
ica. Each simulation used a temperature range of 50°C,
centered on the Curie temperature, T, of the soft mate-
rial. For LCFS-H, the temperature range was from 35°C to
85°C, and for Gd, the temperature range was 0°C to 50°C.
A 50°C temperature range was chosen to enable compar-
ison to Hsu et al. [I3]. In that study, a work output of
13.6 J/kg for polycrystalline Gd was found under an ap-
plied field variation from 0 T to 0.3 T and a temperature
range of 0°C to 50°C.

Simulations. The details of the simulation are as follows.
First, we constructed the geometric constraints for the
problem by defining the dimensions and relative locations
for the hard and soft materials. In both cases, we used a
square face measuring 3 mm X 3 mm. The thickness of
each material was varied in order to obtain relative size ef-
fects. Each material was magnetized through its thickness.
Three-dimensional M (H, T') surface plots of magnetization
as a function of temperature and magnetic field were inter-
polated linearly from the data for LCFS-H and Gd. Radia
simulations produced values for the magnetic field due to
the NdFeB hard magnet as a function of temperature and
the amount of hard magnetic material. The magnetic field
values thus obtained were used to select the magnetization
value of each soft material at every temperature from the
M(H,T) surface plots.

We conducted two sets of simulations: one for Gd with
NdFeB; the other for LCFS-H with NdFeB. In each sim-
ulation, we varied the thickness of each material to study
relative size effects. The isothermal M — H curves were
used to calculate work outputs.



Sample
Grade

Field Range
(T)

Temperature
Range (K)

Work
Output

(J/kg)

Percentage
Loss of Work
Output after

nth Loop

Loop Ori-
entation

Y30BH -0.25 to 0.25 320 to 520

-10.12 1st: 0.82; CCW
2nd: 0.63;

3rd: 0.004

Y30BH -0.25 to 0.25 320 to 520

9.63 1st: 4.19; CwW
2nd: -0.07;

3rd: 0.08

HFg/22 -0.25 to 0.25 280 to 600

7.21 1st: 9.60; CwW
2nd: 0.56;

3rd: 0.23

HFg/22 -0.25 to 0.50 280 to 600

-16.66 1st: 0.70; CCW
2nd: 0.42;

3rd: 0.10

Table 2: Summary of magnetization data, experimental parameters, and calculated work outputs for the two hard ferrite samples studied
here. Cycles were performed in a clockwise (CW) or counterclockwise (CCW) loop in M — H space. We note the change in the work output
apparent after the first cycle (expressed as a percentage change relative to the first loop) and that this change is greatest for CW cycles.

1.2 T
= 1.0+ :
3 | oa
';; I
.5 0.8+ :l:é-
§ 714
© —
S 06
o
) 1
g
S, 0.4
©
= |
0.2
0 T T T T T T
30 40 50 60 70 80 90 100

Temperature ("C)

Figure 2: Iso-field magnetic polarization, J, for the LCFS-H sample
used in Section Data were taken on cooling.

3. Results and Discussion

3.1. Magnetically Hard Working Materials

The first novel perspective in this article is in consider-
ing ferrites as magnetically hard TMG working materials.
The purpose is to increase the efficiency associated with
the TMG cycle while bringing down the cost of the func-
tional material. The efficiency n of a TMG cycle was given
in Equation @ The integral §MdH is the work output
from one complete cycle around a M — H loop. In this
context, the reasons for selecting ferrites (apart from their
cost) are twofold. Firstly, hard ferrites have a positive
temperature coefficient of coercivity, meaning the coerciv-
ity increases as temperature increases. Using hard ferrites
therefore avoids the risk of thermal demagnetization under
magnetic fields close to the low-temperature coercive field.
Magnetization loops for the two ferrites studied in this
work are shown in Figure [3] Secondly, magnetically hard
materials have magnetization loops with two positive mag-
netization quadrants in the magnetisation vs applied field
(M — H) plane. This offers a new perspective on TMG:
by opening up the possibility to construct two-quadrant
thermomagnetic generation cycles, wherein the absolute
value of the applied magnetic field is small. Low magnetic
fields give small contributions to the magnetically-driven
entropy change AS [13].

The results of example magnetization measurements
taken by thermomagnetic cycling are shown in Figure
These cycles consisted of two isotherms (in which the sam-
ple temperature was maintained by the magnetometer)
and two iso-field steps. Previous work has demonstrated
that the major loops shown in Figure [3] possess a super-
position of a (reversible) magnetocaloric effect and an ir-
reversible entropy production [71]. We present cycles for
which the applied magnetic field does not substantially



exceed the coercive field and therefore assume that the
material stays within the reversible regime.

The data shown in Figure [d] were taken for clockwise
(CW) cycles (positive work output); data were also taken
for counterclockwise (CCW) cycles (negative work output,
see Table . The CW minor loops shown in Figure || pos-
sess opposite concavity to that exhibited by the counter-
clockwise major loops shown in Figure[3] The CCW loops
(not shown) exhibited the same concavity at the major
loops in Figure In both sets of loops, the increasing
field leg of the first cycle (points 1 to 2) is noticeably higher
than in the remaining cycles. This is an artifact of the ex-
perimental procedure. When the samples were set into
the magnetometer, an initial magnetic field of +2.0 T was
applied to ensure magnetization in the positive direction,
regardless of sample orientation. This imparts an addi-
tional magnetic remanence to the sample, which lingers
until thermal demagnetization (points 2 to 3 on the la-
belled graphs).

Table[2|contains the work outputs associated with clock-
wise (CW) and counterclockwise (CCW) cycles performed
on both samples. In addition, loops under cycling between
magnetic field values of -0.25 T and 0.25 T, an additional
loop was performed on the HF8/22 sample between -0.25 T
and 40.5 T. Furthermore, the relative loss of work output
upon mutiple cycles is shown as an additional column.

The highest performing material tested was Y30BH
grade ferrite, with a work output of 9.8 J/kg under cycling
between magnetic field values of -0.25 T and 0.25 T and a
temperature range from 320 K to 520 K. This work output
compares well with that of polycrystalline Gd, which pro-
vides 13.6 J/kg under cycling between field values of 0 T
to 0.3 T and a temperature range from 273 K to 323 K
(or 0°C to 50°C). Although the work outputs are compara-
ble, Gd performs far better under realistic TMG circum-
stances, which call for operating frequencies on the order of
0.5 Hz to 2 Hz in medium to large-scale devices and which
therefore utilise smaller temperature ranges. Hence, fur-
ther work to optimize hard magnetic materials is required
to bring about a new class of magnetically hard, high per-
formance TMG materials.

From Table 2 we also see that there is a reduction
of work output upon multiple cycling. It is noticeable
from the 1st to the 2nd cycle, i.e. after the first cycle,
in both samples, and by the 2nd cycle the work output
is more stable. The initial loss of work output is associ-
ated with the additional magnetic remanence mentioned
above, and from exposing the sample to a magnetic field
in the opposite direction to its delivered magnetization.
We see that the loss is greatest for clockwise magnetiza-
tion loops. However, the physics of the change of work
output on cycling deserves further exploration, as relax-
ation of a magnetic loop towards the anhysteretic curve is
a potential risk, if the chosen magnetic cycle lies far away
from the anhysteretic curve. Indeed, while the magnetic
loops made in our experiments are well controlled and con-
sist of isotherms and iso-field steps, conditions in a device

might deviate from this and the impact of such deviations
is unknown. Lastly, the physical mechanism underlying
the work loss may depend on the choice of hard magnet
material, which might affect the viability of alternatives to
magnetically hard ferrites.

8.2. Soft Ferromagnets Biased By a Hard Magnet

Since the work output, W, for any material in a ther-
momagnetic power generation cycle can be given by Equa-
tion [4} we may alter the construction of the magnetization
loops in order to maximize the work output. This can po-
tentially be achieved by using a hard ferromagnet to apply
a local biasing magnetic field to a magnetically soft ma-
terial. The effect of bias electric or magnetic fields have
previously been considered in a few caloric materials. The
effect of an internal bias electric field has been examined
in an analytical Landau model of an electrocaloric mate-
rial [72]. The effect of a biasing external magnetic field
has been considered for direct (induction-based) TMG cy-
cles on a Heusler alloy with a first order magnetostruc-
tural transition, with the motivation of converting as much
magnetic work into electricity as possible [73]. In this Per-
spective, our purpose is different from either example: if
the magnetic field from the hard magnet is opposite to the
magnetic field applied to the entire system, then both posi-
tive and negative applied (external) magnetic fields can be
used in the TMG cycle. The results of simulations using
two such systems are detailed below.

Magnetization loops for Gd and LFS under both unbi-
ased and biased conditions can be seen in Figures 5] and [6]
respectively. To calculate the maximum available work for
the materials when they are magnetically biased, a ther-
modynamic cycle between the largest negative field value
that still yields a positive work output and 0.3 T is con-
sidered. Also, both TMG materials are cycled through a
temperature range of 50°C, centered about the Curie tem-
perature. The benchmark values with which our results
are compared are the computed work outputs for unbiased
materials under an external applied field which varies from
0 T to 0.3 T when the materials are cycled over a 50°C
temperature range about their Curie points. For Gd, the
benchmark work output thus computed is 13.6 J/kg, and
for LCFS-H, the benchmark value computed is 20.4 J/kg.

In both Figure [f] and Figure [0} we see that the im-
pact of the bias field is considerable; the external applied
field can now be negative as well as positive, yielding addi-
tional utilization of the external magnetic field, just as in
the hard ferrite example, but via a different mechanism. In
addition, the relative size effects from varying the amounts
of hard and soft magnetic materials in the system have a
significant impact on the results. The maximal work out-
put per total system mass is achieved for a combination
of 67% soft TMG magnet and 33% hard biasing magnet
for both of the soft materials tested, as presented in Fig-
ure a). At this material composition ratio, the biased cy-
cle presents an improvement in the work output compared
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Figure 3: Isothermal magnetization loops for the two ferrite samples studied in this work. The Y30BH grade sample is magnetically anisotropic
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portion of the composite.

to the benchmark of each material: a 13% improvement
in the case of Gd and 9.8% for LCFS-H. These modest
numbers are dramatically improved when one no longer
accounts for the mass of the hard magnet; when comput-
ing work outputs per mass of soft material alone, the work
outputs for composites comprising 67% soft ferromagnet
are 22.6 J/kg (Gd) and 33.7 J/kg (LCFS-H). The latter
values correspond to a 65% increase over the unbiased cy-
cle. Further numerical details for composites with different
soft:hard magnet ratios are given in [74].

The maximum negative field that can be used while
obtaining only positive contributions to the work output
is equal to the magnitude of the biasing field from the hard
magnet. The latter is plotted as a function of hard magnet
fraction in the inset to Figure[7] It is also worth consid-
ering how finite size effects affect the hard magnet. It is
intuitive that a lower fraction of NdFeB in the composite
would lead to a smaller biasing field, but the data pre-
sented in the inset to Figure [7] confirm the linear increase
of biasing field with increasing hard magnet composition.

3.8. Spin Reorientation Transition TMG

To this point of our Perspective, the only mechanism
for TMG materials that has been discussed involves a
thermally-driven change in the magnitude magnetization
vector. Although thermally-driven changes in the magni-
tude of the magnetization vector can yield significant TMG
work output, it is also worth considering other mechanisms
for magnetization changes. Spin reorientation transitions
occur in materials which experience a temperature-driven



change in the direction of the magnetization vector from
one crystallographic axis to another. By changing the pro-
jection of the magnetization in a certain direction, it is pos-
sible to drive a change in magnetic flux, which can then be
harvested to do work. A brief review of embodiments of
this idea, some promising results in the literature on SRT
TMG, and some initial concepts for further development,
are presented below.

The first published spin-reorientation TMG design was
created by Ohkoshi et al. in 1977 [40] after an initial con-
ceptual proposal in the previous year [65]. Their magnetic
“pretzel” consisted of an SRT material (NdCos), a mag-
net for the applied field (SmCoj), iron yokes to direct the
magnetic flux, and pickup coils to convert flux changes
directly into electrical energy. The work output achieved
by the pretzel design, in terms of the amount of SRT ma-
terial, was 1.5 J/cm3, which corresponds to 177 J/kg of
NdCos. This work output is significantly larger than the
values found in previous sections for Gd or LCFS-H, al-
beit for cycles with different input thermal and magnetic
parameters.

Further calculations and analysis by Wetzlar et al. [58]
confirmed that the available work associated with a TMG
cycle for NdCos operated around its SRT could be 4 times
larger than that associated with single domain Gd oper-
ated around its Curie point, albeit with a different operat-
ing temperature ranges in each case (30 K for NdCos and
5 K for Gd). We note that single-domain Gd should have
a larger work output than poly-domain Gd due to the fi-
nite remanence mentioned above, and so the potential for
SRTs to provide large work outputs is considerable.

However, there is a drawback to SRTs in single-phase
materials: a sharp SRT is normally only observed in highly
textured or single crystalline samples. This can place a re-
striction on sample morphologies and the scalability of the
final device. For example, as noted earlier, NdCos films
can be prone to oxidation [67]. Therefore, to complete this
portion of our Perspective, we briefly outline a concept, the
details of which we leave to a separate article [75]: namely,
that SRT could also be accomplished using artificial mag-
netic composites, which could be significantly easier to find
or fabricate than single-crystal SRT materials.

To start, we state a simplified form of the magnetic
free energy for a uniaxial magnetic system:

G = Kusin?04 — poM - H, (7)

where K 4 is the temperature-dependent anisotropy con-
stant and 64 is the angle of the easy-axis. (Note that
only the first term of the anisotropy energy, which can be
expanded in even powers of sine, is considered.) If thin
layers of materials A and B with different anisotropy con-
stants (K4 and Kp) and volume fractions (v4 and vp)
are arranged so that the easy axes are perpendicular to
one another, the free (anisotropy) energy becomes

(8)

f :’UAKASiDQHA —‘r’UBKBSiIIQ(g —(93),
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where 0 is measured with respect to the easy axis of mate-
rial A. If the constants K4 and K g have different temper-
ature dependencies, there will be a critical temperature at
which the magnetizations of the two materials change from
being perpendicular to aligning along a single axis. At this
temperature, there is an artificial spin-reorientation transi-
tion, which can be used to generate energy from magnetic
flux in the same way as with single-crystal materials. Fur-
ther details will be elaborated in a standalone work [75].

TMG based on artificial SRT is distinct from Curie
point TMG in several ways. Firstly, while AS, the mag-
netic field-driven isothermal entropy change depends ex-
plicitly on the applied magnetic field in pyromagnets with
second order Curie transitions, AS is independent of field
for SRT-TMG, provided the field is large enough to induce
a spin-reorientation transition [76]. Secondly, if an artifi-
cial SRT can be constructed from building blocks which do
not themselves contain a SRT, there should be good op-
portunities for tailoring the final SRT properties by adjust-
ing the thermomagnetic properties of the materials A and
B and their relative dimensions. Lastly, shape-dependent
demagnetizing factors, magnetoelastic stresses in the ma-
terial, and the magnitude of the applied magnetic field all
play a role in the value of SRT work outputs, making the
power output and efficiency of a SRT-based TMG highly
tunable [58].

4. Conclusions

We have used experimental data, physical models and
conceptual arguments to provide three new perspectives
on the use of hard magnetic materials in TMG cycles.
Firstly, we have demonstrated that known hard ferromag-
netic working material can provide work outputs compa-
rable to that of Gd, albeit using operating temperature
spans which are larger than desired. The hard magnet is
able to make use of two quadrants in the magnetization-
applied field plane, meaning that an applied field may be
reversed and extract further energy. This could help to
reduce the magnetic field required in TMG, if a hard mag-
net can be designed in which the coercivity is more ther-
mally stable than the magnetization. Secondly, we have
modeled the effect of an applied bias magnetic field on a
soft ferromagnetic working material, showing again that a
two-quadrant M — H loop can be used, reducing the mag-
netic field need. Lastly, we have outlined the potential
for artificial spin reorientation transitions to be explored
for TMG applications, by tailoring the properties of hard
magnetic films with competing thermal coefficients of mag-
netic anisotropy.
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