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(57) Abstract: A magnetic heating system is disclosed including ferromagnetic material that exhibits a first- order magnetic trans -
ition and a magnetic field generator adapted to apply an alternating magnetic field to the ferromagnetic material to induce heat emis -
sion from the ferromagnetic material. The first-order magnetic transition is accompanied by an abrupt change in the spontaneous
O magnetization. This abrupt change provides a significantly enhanced heating effect just below the magnetic transition temperature,
which temperature can be selected or tuned depending on desired heating purposes such as hyperthermia therapy.
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"Magnetic material for heating”

Cross-Reference to Related Applications

{00011 The present application claims priovity from Australian Provisional Patent
Application No 2013903012 filed on 20 Deceinber 2013, the content of which is incerporated

herein by reference.

Technical Field

{0002] The present disclosure relates fo magnetic materials and remote heating using

magnetic materials.

Background

[0003] Magnetic materials such as superparamagnetic materials (e.g., magetite
nanopaiticles) and magnetic materials exhibiting a second-prder magnetic: wansition {e.g.,
metallic Tron and ferrites) have been used for remote heating. A magnetic field is applied to

the magnetic material which induces heat output from the magnetic material.

[0004]  Any discussion of documents, acts, materials, devices, articles or the like which has
been included in the present specification is not to be taken as anadmission that any o all of
these matters form part of the prior act base or were common general knowledge in the field
relevant to the present disclosure as it existed before the priocity date of each clainy of thig

application.

Sunnnary

{00057 In one aspect, the present disclosure provides a magnetic heating system comprising:
ferromagnetic material exhibiting a first-order magnstic transition; and
a magnetic feld generator adapted to apply an alternating maguetic field to the

ferromagnetic material to induce heat emission from the ferromagnetic material.

{0006]  In another aspect; the present disclosure provides a method of heating comprising:

applying an alternating magnetic field to a ferromagnetie material to inducs heat
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emission from the ferromagnetic material, the ferrnmagnetic material exhihiting a first-order

magnetic transition.

{0007] A heating svstem and method according to the present disclosive can provide a
substantially stronger heating effect than existing arvangements by utilising an exiraprdinary
magnetic transition process knowsn as the first-order magnetic transition. The ferromagnetic
material of the present disclosure exhibits a first-order magnetic transition and this is
accompanied by an abrupt change in the spontancens maguetization, This abeupt change
provides a significantly enbanced heating effect just below the magnetic trangition
temperature, also known as the Curie temperature {7¢), which temperature may be selected or

tuned depending on desired heating purposes,

{0008] Under comrespouding ragnetic fisld conditions, the fercomagnetic material of the
present disclosure may provide heating power of at least an order of magnitude greater than

current materials used for magnetic heating.

{0009] The magnetic heating system and method may be configured to provide medical
teeatment. For exanmple, the magnetic material nsay be provided in an implaat and/or in the
form of nanoparticles, and may be located, by injection or other implantation procedure,
within a human or animal body. Using the magnetic field generator, heat output from the
magnetic material ean be controlled remotely, from a position extemal to the body. In some

enbodiments, the tieat is used to provide a therapentic effect.

{00101 The system and method may be adapted to provide hyperthermia therapy, which can
be used to treat cancer. The ferromagnetic material can be injected iito or implanted in or
adjacent a tumour. The surrounding tumoeur tissue is heated by the ferromagnetic material,

kilting twoenre cells without substatial dareage 10 healthy tssue.

{0011] PFor the purposes of hypertbermoia thevapy or otherwise, the magnetic material may be
adapted to provide for heating above body temperature. Heating cancer cells to a temperature
above body temperature, e.g. a temperature greater than 40°C, can cause cell damage or
apoptosis. The temperanire to which tissue or other mediums are heated can be substantially
dependent on the Curie wemperature of the ferromagnetic yoaterial. The Curie temperature of

the ferromagnetic material may therefore be selected to be greater than 40°C, Nevertheless,
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depending on the intended purpese of the heating, whether for medical treatment or othetwise,
the fertomagnetic material may be selected to have one of a vartety of different Curie
Temperatures. For example, the Cuvie Temperature may be between 20 and 80°C, 40 and
60°C, 40 and 50°C or otherwise. In one embodiment of the present disclosure, the Curie

temperature of the fervomagnetic material is 46.1°C.

{0012] Embodiments of the present disclosure are not necessarily limited to miedical use.
They can have applications in any field wheve rerpote hieating is desivable. As oue example,

they may be used in heat assisted forward osmosis water desalination technology.

[0013] Particularly, although not necessarily exclusively, for the purpose of medical
treatment, the magnetic field generator can be adapted to apply an alternating magnetic field
having ap effective field strength o the order of 1 0 Af(ns). For example, the magnetic field
generator may be adapted to apply an alternating magnetic ficld having an effective field

strength of from about 4.85 x 10" Ad(ms) to about 5 x 10° Af(ms).

{0014] The substantially high heating power of the ferromagnetic material can mean medical
teeatment is less invasive, since lower applied maguetic field strength may be required to

achieve a desired heating effect.

[0015] 1In one aspect of the present disclosure there is provided an injectable composition

comprising ferromagnetic material exhibiting o first-order magnetic transition.
R - ot ped .5:>

{0G16]  In another aspect of the present disclosure there is provided an implant comprising

ferromagnetic miaterial exhibiting a first~order magnetic transition.

{00177 I yet avother aspect of the present diselosure there is provided use of a
ferromagnetic material exhibiting a first-order maguetic fransition in a method of medical

treatment.

{0018] In yet another aspect of the present disclosure there is provided use of a
ferromagnetic material exhibiting a first-order magpetic transition in a heat assisted forward

osmosis water desalimation process.
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[0019]  In aspects of the pregent disclosore, any ferromagnetic matetiad that exhibits o fivse-
ovder magnetic trapsition, and which can undergo magnetic ttansition at & tempertatore similar
to a temperature at which heating is desired, may be used. The ferromagnetic material may be
a La-Fe-3i based material. The fervomagnetic material may be a compound having the
formula La(Fe,81)5  As an altemative example, the ferromagnetic material may be a Mn-Fe-
P based material. The fernomagnetic material may be a compound having the formula MnFe,.
:CoyPGey. Ax a further example, the ferromagnetic material may be a Mn-As-Sh based

material. The ferromagnetic matertal may be a compound having the formula MnAs, . Sh,.

{00207 A hydrogenation or dehydrogenation process may be used to tune the Curie
temperature. Using La-Fe-S1 based material as an example, the ferromaguetic matecial may
therefore be a hydrided compound having the formula La{Fe,Si)3Hy. To achieve desired
heating levels for therapeutic purposes, ¥y may be between 1.4 and 2.4, between 1.6 and 2.0,
equal to or above 1.7, between 1.7 and 2.0, between 1.7 and 1.9, between 1.7 and 1.8 or about

1.73, for example.

{0021] According to one aspect of the disclosure, there 18 provided 4 compound of the

formula La¢Fe Si)sH, where y is equal to or greater than 1.7,

{00221  According to one aspect of the disclosure, there is provided a compound of the

formula La{Fe,Si);3H; s,

{00231 In one cmbodiment, a compound of the formula La(Fe, S1)i3Hy 75 exhibits acurie
temperature of 46.1°C, which may be particularly suitable for hyperthernna therapy, for

example.

{0024] Througheut this specification the word "comprise”, or variations such as "comprises”
or “comprising”, will be understood to tmply the inclusion of a stated element, integer or step,
or group of eleroents, infegers or steps, bul not the exclusion of any other element, nteger o

step, of group of elements, integers or steps.

Brief Deseription of Drawings

[0025] By way of example only, embodiments are now deseribed with reference to the

accompanying drawings, in which:



WO 2015/089579 PCT/AU2014/050423

5

[0026] Fig. | shows the relationship hetween the magnetic polarisation (M) of a

ferromagnetic material snd a statically applied magnetic field (H);

{0027] Fig I shows termiperatire dependence of spontancous magnetisation of second-ordar

ferromagnetic naterial and represents the mechanism of self-controlled heating;

JOO28]  Fig. 3 shows temperature dependence of spontancous magnetisation of first-order

ferromagnetic material and represents the mechanism of self-controlled heating;

{00297 Fig. 4 shows static hysteresis loss for a fivst-order ferromagnetic material over
termperature. and also magnetisation of the first-order ferromagnetic material over

temperatures {inset);

[0030] Fig. 5 shows emperature over time of water containing pulverised first-order

ferromagnetic material under an applied alternating magnetic field;

{0031] Fig. 6 shows specific heat ahsorption rates of different magnetic samples at different

magnetic field strengths;

{00321 Fig. 7a shows temperature dependence of magnetisation for Fe-tuned La{Fe, Si)
compounds and Fig. 7b shows the relationship between the Curie temperature and the

hydrogen concentration (y) for LaFe;; 5Si.4:Hy.

{00331 Figs. 8a and 8b illustrate a heating system confignred to provide hyperthernuia

therapy according to an ershodinment of the present disclosure;

[0034] Figs. 92 and 9b illustrate a heating system configured o provide hyperthermia

therapy according to anether embodiment of the present disclosure; and

[0035]

Fig. 10 shows a relationship between the magnetic polarisation (M) of first order
ferroamagoetic roaterial sud a statically applied magietic field (H} atvadous different

measuramnent emperatures.

Deseription of Embodiments
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[0036] Ferromagnetic materials exhibiting a first-order magnetie transition have a large
isothermal entropy change (18 oradigbatic temperatere change induced by a pseudo-static
magnetic field. This is knowi as the magnetocalotic effect. The inventors have determined
that these materials can be particularly useful in heating applications, and irreversible heating
power of these materials can be enhanced dramatically by exposuore to alternaring magnetic
fields. These ferromagnetic materials can be particulacty advantageous for use i medical
treatment, such as hyperthermis treatment, although they can bave applications in other ficlds
where heating is desired, such as a heat assisted forward osmosis water desalination

technology.

{0037] A ferromagnetic matertal with a first-order magretic transition {7¢), undergoes an
anomalous inerease near the transition tomperature. It has been found that hysteresis loss can
be enhanced by 800% through use of first-order ferromagnetic materials, over a namrow
temperature range (e.g., 2 to 3 K} immediately below T Since the transition temperature of
the ferromagnetic material ¢an be tuneable wver a wide teniperature vange that ineludes human
body temperature, the unique hysteresis loss enhancement at the first-order magnetic
transition can result in a very abrupt increase in the magnetic heating power at an ideal
therapentic temperature, e.g. au wdeal temperature for hyperthermia treatroent. The heating
effect is self-egulated by the Curie temperanire under an alternating mageetic field, leading
to a new approach to magoetic heating bt applications such as hyperthermia therapy for

cancer reatment.,

{0038] To aid understanding of embodiments of present disclosure, heating mechasisms of

certain magnetic materials are vow described.

{00391 Fig. 1 shows schematically the relationship between the magnetic polavisation (3) of
a ferromagnetic material and a statically applied magnetic field (H). The magnetic
polarisation shows a tendency to increase with increasing applied magnetic ficld; however,
the M value is saturated at B = Hy, the anisoteopy Geld. The reverse magnetic field @
depolarise the magnetisation from M, to zero is defined by the coercivity (H). The coereivity
is known to be highly depondent on the grain size in the nanoscale regime because the
magnetic correlation length of materials is usually between 10 and 100 nm. The energy loss
associated with the static magnetic polarisation process i a farromagnetic (A& is given by

the arca inside the gM-H loop, Le
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white grols the permeability of free space.

{0040] When the maximum maguetic field applied is lower than &, (as illustrated by the
winot loops in Fig 1), the magnetisation curve becomes unsaturited and thus, the coercive
field is smaller than H,, leading to a smaller area inside the goM-H loop as compared with the
saturated loop. The energy loss per unit time (P under an alternating magnetic field is given
by the area inside the loop (AE) multiplied by the frequency (AE-f) and this corresponds to the

heating power.

{0041] The effect of the maximum external magnetic field on the arca inside the hysteresis
curvi explains the field dependence of the heating power, Fig, 1 indicates that 4 large AE
value is obtained by choosing a material with large M, and H, values while tuning the
extermal field to He The maximum maguetic field allowed in hyperthermia may be capped by
the condition H- £~ 10° A/{ms), where the product of the applied field H and frequency f is
the effective magnetic field. Hence, the ideal Hy value for the maximum heating power

depends oo the frequency.

{0042] The heating mechanism of superparamagnetic nanoparticles, however, is quite
different from that of ferromagnetic materials. The M-H curve of materials in a
superparamagnetic state is known to follow the Langevin function and the field dependence of
the magnetic polarisation is fully reversible. Thus, unlike ferromagnetic materials, the M-H
eurve of 4 saperparamagnetic material does vot exbhibit any hysterests behaviour under a siatic
magnetisation progess. The primary cause of the heating effect in superparamagnetic particles
is the relaxation behaviour of the magnetisation direction in particles which results in a certain

phase shift between the alternating Hit) and wp Mit) signals.

{00437 o contrast to each of the above-described techniques, embodiments of the present
disclosure wtilise o feveomagnetic material to which an ablermating mageetic field is applicd.
‘While a loss rnechanism as described ahove with reference to Fig 1 is therefore applicable, it
is not the only loss mechanism. Since magnetisation polarisation is induced by the change in
the magnetic domain configurations which is time dependent, the response of the magnetic

polarisation to external alternating magnetic field shows a finite time delay due to the domain
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relaxation process. This delay causes a certain phase shift between H{r) and g Mty which
cant be deseribed by a complex magnetic peroeability; the power loss 1s related to the
tmaginary part of the permeability. Henge, the area inside the M-H loop under an alternating
magnetic field is far larger than under a static field. This effect is significant at high
frequencies and the power loss per cycle can be enhanced by 2 orders of magnitude in the ¥Hz
range in some soff maguetic materials, for example. Heating power of magaetic materials

may theretore be enhanced dramatically by inereasing the driving frequency:

{00447 The use of ferromagnetic materials altow for self-controlled heating, In particular, in
addition to the potential for large heating power, ferromagnetic materials can self-regulate
heating power closer o the Curie temperature (7). This offers a considerable advantage over
heating by superparamagnetic particles with which the temperature is controlled by adjusting

the applied field strength.

{0045] The mechanism of self-controlled heating in conventional second-order
ferromagnetic material is represented in Fig, 2, in which the temperature dependence of the
spoataneous nagnetisation of the fecromagnetic matecial is shown scheouiticatly. The

spontaneous magnetisation (M) is given by the vector sum of the atomic magnetic moment

{m) M. =2rﬁi .

j00467  Although the atomic magnetic moments are strongly correlated at low temperature,
via the positive exchange interaction, and the vector sum M, is large, the spontaneous
magnetisation shows negative tempevature dependence because of the thermal vibration at
higher temperatores. The etfect of the exchange interaction is lost completely at the Curvie
temperature {7} and the atomic magnetic moments above T are oriented at random,
resulting in zevo M. Cousequently, the bysteresis logs of forrornagnetic particles defined by
Equation 1 15 lost at T = T and the heating power is switched off at T, Naturally, the
heating power recovers when the particles are cooled below T Since T of ferromagnetic
materials can be adjusted to a therapeutic temperatire, this process can be particularty helpful
in heating systems, e.¢., where the material may be implanted in a subject for medical

treatment, such as hyperthermia treatment.
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{0047] The present disclosure further recognises, however, that magnetic beating
mechantsms with larges heating power ¢an be realised at-desived temperatures, e.g.

therapeutic temperatures, by using miaterial exhibiting a first-order magnetic twansition.

{0048] The temperature dependence of M, in ferromagnetic materials with a sceend-order
magnetic transition is described well by mean field theory and the normalised temperature
dependence, f.e M TiM(0) versus T/T e of fervomagnetic materials is described universally
by the Brillouin function which gives a gradual decreage in M, near T Given the fact that
the difference between the body temperature and the therapeutic temperature {e.g., 43 - 47 °C)
is relatively small. M, and thus the heating power of fermomagnetic matetials baving their ¢
at the therapeutic temperatuve, is already quite hmited at body temperature. This ts the major

limiting factor in the self-controlled heating by ferromagnetic materials,

{0049]  The problem of the suppressed M, value at body temperature remains when a variety
of different ferromagnets are used, due to their temperature dependence following the

Brillouin fonction,

{00507 However, fecromagnetic materials according to the present disclosure, exhibiting
first-order magnetic transition, bave a temoperature dependence for M, near 7 that does not
follow the Brillouin function. One example of such ferromagnetic material according to the

present disclosure 18 a LalFe Si)x compeund.

{00511 Fig. 3 shows schematically the teruperatiuve dependence of M for a ferromagnetic
material with the first-order magnetic transition at 7e. Unlike the second-order magnetic
trapsition at T represented in Fig. 2, where the ferromagnetic order of spins diminishes
conperatively at a critical temperature, both ferromagnetic and paramagnetic phases may
coexist in the 1% order materials near T (Fig. 3) and the abeupt decrease of M, is governed hy
the vucleation-and-growth process of the paramagnetic phase in the ferromagnetie matrix
rather than the molecular field in the ferromagnetic phase. Hence, the decrease in the
spontancous magnetisation near T can be very abrupt. La{Fe,Si)1; has a very steep change of

M, due to the presence of such a fivst~order magnetic transition.

[0052] Thiough creative vesearch, the present inventors have become awave that

ferromagnetic materials exhibiting first-order magnetic transition have been used in magnetic
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refrigeration applications, which is a considerably different application and field of
technology to embodiments described hetein. The vefirigeration process relies on static
ntagnetic fields to ensure adequate heat exchange, and takes advantage of the step change of
the magnetic enthalpy of the ferromagnetic material in an applied magnetic field that can

induce a sudden cooling of the material near the magnetic transition.

{0053] However. the present inventors have deterimined that ferromagnetic materials
exhibiting first-order magnetic transition can offer considerable advantages as a mediam for
self-controlled isothermal beating, e.g. for use in medical treatment, and have determined that
considerable benefits can be achieved through the application of an alternating magnetic field

to the ferromaguefic maferial to induce beativg.

{00547 According to an embodiment of the present disclosuge, a melt-spun La-Fe-8i based
sample was prepared and wned by hydrogenation such that it had a 7 value of 46.1°C. (The
La-Fe-8i compound had the formula LaFey; 575i;.43-Hi 25 in this instance.) T of 46.1°C was
caleulated throngh measurensent of yaguetisation over a range of kemperatores, as shown in

the inset of Fig. 4.

{00551 M-H curves of LaFe); 5:81.43H 75, acquired upon beating at arate of 1.6 x 107 K/s,
at different measurement temperatures, are shown in Fig. 10. The 1% order magnetic
transition is reflected in the shape of the M-H curves. The M-H curves well below T
{46.1°C) show Httle drreversibility wheteas the irreversibility is pronounced considerably
between 42 and 46 °C, immediately below T, However, no appreciable inerease in the
coercivity is evident on the M-H curves at these temperatares, indicating that this hysteretic
behavior s unrelated to couventional magnetic hardening cuused by the nagnetic anisotropy.
Rather, this enhanced irceversibility vear 7¢ is atiributable to the phase coexistence wheve the
ferromagnetic phaseis induced in a matrix of the paramagnetic phase by an external magnetie
field. The nucleation-and-growth process associated with the magnetic phase transition
usually requires stress accommedation, adding an extea ureversibility to the Curie tragsition.
Although this irreversibility on the M-f corve 1s oftent problematic when this componid 1s
applied for magnetic refrigeration, this very effect due to the 1% order transition is ideal for

enhancing the loss power in the vicimnity of Tp;
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[00536] Fig. 4 also shows the static hysteresis loss for the ferromagnetic material; over a
ternperatiure measurement rauge including and extending beyond the range shown i Fig. 10,
As can be seen over the wider temperature range, the hysteresis loss shows a tendeney to
decrease gradually as temperature increases towards T because both the spontaneous
magnetisation and the infrinsic coercivity normally have negative temperature dependence.
However, the hysteresis loss of the samiple exhibited an increase in a temperature range of
between 42 and 46°C as indicated aheve and a particularly dramatic increase (by ahout 800
%) in a very narrow temperatire range of between 44 and 46°C. This anpmalous behaviour
had not previously been recognised and the inventors recognised that the dramatic increase of
the hysteresis loss indicated that the heating power of this first-order ferromagunetic material
could be even greater under the application of alternating magnetic field, in consideration of

higher dynamic loss that would be induced.

[0057] Heating power of the sample was subsequently analysed. The temperature of water
containing the smople, 10 a pulverised form at a coneentration of 10 mg/ee, was ineasured
under an applied alternating magnetic field of 56 O (4.3 kA/m) at 279 kHz, [Hf= 1.25 x 10
Af{ms)] using an infrared thermometer. The results are presented in Fig. 5. Results for
commercially available magnetite (FesOy) powders suspended i water with the same

concentration ate also shown in Fig. § for companison.

{00581 The speed of increase of the temperature of the Te-tuned La(Fe S1);-containing
water or the La(Fe, 511 H) 7s-containing water was dramatic between roomn temperature and
the therapeutic temperature range, the increase taking about-one minute. In gontrast, for the
same tiee period, the magnetite provided a temperature inceease of fess thayt 1°C. Theresults
highlighted the significantly greater heating effect caused by the “first-order” ferromagnetic
sample. Despite the dramatic initial heating power using this tvpe of sample, water
temperature remained well-regulated thereafter due to the switching effect at the fine-tuned

Te.

{00591  Specific heat absorption rates of the LadFe, SthaHy s sample were caloulated at
different magnetic fields and compared with conventional magmetic samples types. The
resulis are shown in Table 1 below and represented graphically in Fig. 6. As can be seen, the
La(FeSisH 75 sample had a specific heat absorption rate that was an order of magnitude

higher than the conventional magnetic materials
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Table |

Igpdan HikAMm)  Fregoencey HAoa™y  Concentration SAR (W/ian
Hall Prob FHz {mgfmil}

LaPe;; 580 ga-Hys® 3 279 9 1 64.2
LaFep 5:81 ap-Hya® 4.5 279 12.5 G 2318
FaFe 1 5581 w-Hyos® 8.8 279 28 16 521.5
Lale 581 sa-Hys™ 17,7 279 A0 Y 31
MeFe Q¥ 3 279 G 16y 34
MgFe,0,%* 4.5 279 12.5 1 6.7
MeFe, 0% 8.8 779 35 1 9.6
Mg, 17.7 279 50 10 377
Fo O s* 4.3 279 12.3 10 L3
Fe e 8.8 279 s 1 1.7

*LaFey; 5751 43-H1 75 - ribbons prepared by melt spinning process

% MgFesOy4 : Magnesium ferrite nanoparticles prepared by ultrasonic assisted co-
precipitation method

% Fea()y 0 Magnetite nanoparticles, Sigima Aldrich - 637106 - Ivon oxide (ildii) nanopowder,

<50 nm pacticle size (TEM), >U&% trace metals basis

{0060] While La(Fe St)ysHy 75 with a Te of 46.1 °C has been discussed above, this T value
being considered as potentially ideal for hyperthermia therapy application, in ether
embodiments La(Fe,Siks Hy 7 with different ratios of Fe and Si andfor with different Te may
b used, e.g. depending on the desired heating temperatuges (e.g. the desired therapeutic

temperatures) or otherwise,

[0061] The temperature dependence of magnetization for Te-tuned hydrided La(Fe, 513
commpounids was analysed and the resules are presented in Fig. 7a. The values of 7¢
deterinined for these compounds were 350 K, 319 K, 252 K and 204 K. The relationship
between the Curie temperature and the hydrogen concentration (v) for LalPey 5751 a3Hy is
shown in Fig. 7b. Some literature values reported by Lyufina er al. {Journal of Magnetism
and Magnetic Materials vol. 320 (2008) pp. 2252 22538} are also included 1 the plots for

comparison. 7y for La(Fe %1) 5 was found to be readily tenable between 200 K {-73 °C) and
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350 K (77 °C) by controlling the bydrogen content. Thus, depewding on the application, a
Curie termperature may be selected that falls within a variery of diffevent ranges. A exdroples
only, the selected T may be between 20 and 80°C, 40 and 60°C, 40 and 30°C or otherwise.
As examples only, y may be between 1.4 and 2.4, between 1.6 and 2.0, equal to or above 1.7,

between 1.7 and 2.0, between 1.7 and 1.9, between 1.7 and 1.8 or about 1.75.

{0062] Other ferromagnetic compounds that are not based on La-Si-Fe, but which also
exhibit a first-order magnetic transition, may be employed in embodiments of the present
disclosure. The ferromagnetic material may be a Mn-Fe-P based material, for cxample,
having the formula MnkFe; Co.P1.{5ey. As another example, the ferromagnetic material may
be a Mn-As~Sh based material having the formuala MnAs;She. These first-order
ferromagnetic materials have Ty in the ranges extending from about 176K to 323K in the case
of MnFe, CoPiGey (E. Bruck et al., ScriptaMaterialia 67 (2012) 590-593) and from about
280 K to 320 K in the case of MnAs, . Sb, (H. Wada, Y. Tanabe, Appl. Phys. Lett. 2001, 79,
3302), These temperature ranges are considered suitable for a variety of different applications

including hyperthermia therapy, for examaple.

[0063] A heating system configured to provide hyperthenmia thevapy according to an
embediment of the present disclosure is llustrated in Figs. 8a and 8b. The heating system
includes ferromagnetic material 1 exhibiting a ficst-order magnetic transition and having a
Curie temperature of between 40 and 50°C, the ferromagnetic material being provided n
nanoparticulate form. Referring to Fig. 8a, the nanoparticles 1 are injected using 4 syringe 6
into a cancerous tumour 2 of a subject 3. Subsequently, and with reference to Fig. 8b, a
magnetic field generator 4 18 arvanged to apply an alternating magnetic field 5 from a remote
tocation to-the ferromagnetic material iside the tumour 2, causing apoptosis of the cancerous

cells.

[0o64] A heating system according to another embodiment of the present disclosure is
llustrated in Figs. 9a and 9b. The heating system includes fercomagnetic material 10
exhibiting a fisst-order magnetic transition and having a Curie tersperative-of between 40 and
S0°C, the ferromaguetic material being provided in the form of an implant. Referring to Fe.
9a, the ferromagnetic implant 10 is surgically implanted into a cancerous tumour 20 of a

subject 30, Subsequently, referriog to Fig. 9b, a magnetic field generator 40 is ananged to
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apply an alternating magnetic field 50 from a remote location to the ferromagnetic materjal

inside the tumonr 20, causing apoptosis of the cancerous cells,

{0065] In altermative embodiments, the ferromagnetic material may be employed for remote
heating in other technologies. In a heat assisted forward osmosis water desalination process,
for example, magnetic field-induced heating can be used to recover watet from swollen
hvdrogel draw agents. Tn Razmjou et al. (Environ. Sci. Technol. 2013, 47, 6297-6305) fast
deswelling of polymer hydrogel particles was achieved by incorporating magnetic. v~Fe, Oy
nanoparticles cxhibiting a second-order magoetic wansition. The technique described in
Razmjou et al., which is incorporated by reference herein, may be further enhanced through

use of ferromagnetic materials exhibiting a first~order transition as disclosed herein.

{00661 It will be appreviated by persons skilled in the act that numerous vaciations and/or
modifications may be made to the above-described embodiments, without departing from the
broad general scope of the present disclosure. The present embodiments are, therefore, to be

considered in all respects as ilustrative and not restrictive.
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CLAIMS:

1. A magnetic heating system comprising:
fermounagnetic material exhibiting a first order magnetic transition: and
a magnetic ficld generator adapted to apply an alternating magnetic field to the

ferromagnetic material o induce heat emission from the ferromagnetic material.

2 The system of claim 1, wherein the ferromagnetic material bas a Curie teroperature Te

of between 20 and K0°C.

3 The systeniof claim 1, whevein the ferromagnetie material has a Curie temiperature Te

of between 40 and 30°C.

4. The system of ¢laim 1, wherein the ferromagnetic material has a Curie temperature Te

of about 46°C,

5. The system of any one of the preceding claims, wherein the ferromagnetic material

comprises La{Fe,Si)a.

6. The system of any one of the preceding claims, wherein the ferromagnetic material

comprises hydrided La(Fe,S1)1z having the formula La(Fe,Si)1aHy.

7. The systen of claim 6, wherein y is between 1.4 and 2.4,
8. The system of claim 7, wherein y is between 1.7 and 1.8,
g The system of elaim 8, wherein v is about 1.75.

1. The system of any one of the preceding claims, whersin the magnetic field generator is
adapted to apply an alternating roagnetic field having an effective field strength in the order of
10" AXms).
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11, The system of any one of the preceding claims, wherein the magnetic field generator is
adapted to apply an alteriating magnetic field having an effective field strength of between
about 4.85 x 10¥ A/(ms) and 5 x 107 AX(ms).

12, The system of any one of the preceding claims, wherein the system is adapted to

provide medical treatment.

13, The system of claim 12, wherein the system is adapted to provide hyperthermia

therapy.

14, The system of claim 12 or 13, comprising an implant adapted to be implanted in a

human or animal body, the implant comprising the ferromagnetic matevial.

15. The system of claim 12 or 13, comprising nanoparticles adapted to be implanted in a

human or animal body, the nanoparticles comprising the ferromagnetic material.

16, The system of claim 12 or 13, comprizsing au injectable composition, the injectable

composition comprising the ferromagnetic matertal.

17, The system-of any one of claims. 1 to 11, wherein the system is adapted to be used ina

beat asssted forward osmosis water desalination process

18, A method of heating comprising:
applying an alternating maganetic field to a ferromagnetic material to induce heat
ernission from the ferromagnetic material, wherein the fecromagnetic material exhibits a fiest

orclar magnetic transition.

9. The method of claim 18, wherein the ferromagnetic ruaterial has a Corfe temperature
Fe of bevweon 20 and 80°C,

20.  The method of claim 18, wherein the ferronagnetic material has a Curie temperature

T of between 40 and 50°C.
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21, The method of claim 18, wherein the ferromagnetic material has a Corie temperature

Te of about 46°C.

22, The method of any one of claims 18 to 21, wherein the forromagnetic material

comprises La(Fe,8i)1.

23, The method of any one of claims 18 to 22, wherein the ferromagnetic material

comprises hydrided La(Fe, 814z having the forrula La(Fe,Si)aHy.

24, The method of claim 23, wherein v is between 1.4 and 2.4,

25. The method of claim 23, wherein v is between 1.7 and 1.8,

B>
>3

The method of claim 23, wherein y is about 1,75

27, The method of any one of claims 18 to 26, wherein the applied alternating magnetic

field has an effective figld strength in the order of 10° Aftms).

28.  The method of claim 27, wherein the applied alternating magnetic field has an

etfective field strength of hetween about 4.85 % 10° A/(ms) and 5 x 107 Ai(ms).

29,  The method of any one of claims 18 to 28 wherein the method is a method of medical

freatiment.

33, Themethod of claim 29, wherain the method of soedical freatmenst is hyperthermia

therapy.

31, The method of any one of ¢laims 18 to 30 comprisiug implanting the ferromagnetic

material 10 a human or animal body.

32.  The method of any one of claims 18 to 30 comprising injecting the ferromagnetic

materdal in a human or animal body,
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33, Use of ferromagnetic material exhibiting a first order magnetic transition ia a method

af medical treatment.

34.  The use of claim 33, wherein the method of medical treatment comprises hyperthermia

therapy.

35.  The use of claim 33 or 34, wherein the ferromagnetic material has a Curie temyperature

Te of between 20 and 80°C.

36.  The use of claim 33 or 34, wherein the fervromiagnetic matecial has a Curie temperature
Te of between 44 and 48°C.

37, The use of claim 33 or 34, wherein the ferromagnetic material has a Curie temperatiwe
Te of about 46°C,

tad

8. The use of any one of claims 33 to 37. wherein the ferromagnetic material comprises

Lil(Fﬂ,Si)j 3

39, The use of any one of claims 33 to 38, wherein the ferromagnetic material comprises

hyvdrided La{Fe.Si}yhaving the fermula La{Fe,5i)sH,.

40.  The use of claim 39, wherein v is between 1.4 and 2.4,

41.  The use of claim 3% wherein y is between 17 and 1.8,

42,  The use of claim 39, wherein v is about 1.75.

43, A compound of the formula LatFe S5i)y3Hy, where y is equal to or above 1.7,
44, A compound according to claim 43, wherein y is between 1.7 and 1.&

45, A compound of the formula La(Fe,8101:H) 1.
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46.  An injectable composition comprising ferromaguetic material exhibiting a first order

magnetic transition.

47. A medical implant comprising ferronmagnetic material exhibiting a first order magnetic

transition.
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