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While materials with a 1st order Curie transition (TC) are known for the magnetic cooling effect

due to the reversibility of their large entropy change, they also have a great potential as a candidate

material for induction heating where a large loss power is required under a limited alternating

magnetic field. We have carried out a proof-of-concept study on the induction heating effect in 1st

order ferromagnetic materials where the temperature is self-regulated at TC. LaFe11.57Si1.43H1.75, a

well-known magnetocaloric material, was employed in this study because TC of this compound

(319 K) resides in the ideal temperature range for hyperthermia treatment of cancerous cells. It is

found that the hysteresis loss of LaFe11.57Si1.43H1.75 increases dramatically near TC due to the mag-

netic phase coexistence associated with the 1st order magnetic transition. The spontaneous magnet-

ization (Ms) shows a very abrupt decrease from 110 Am2kg�1 at 316 K to zero at 319 K. This large

Ms immediately below TC along with the enhanced irreversibility of the hysteresis curve result in a

specific absorption rate as large as 0.5 kWg�1 under a field of 8.8 kAm�1 at 279 kHz. This value is

nearly an order of magnitude larger than that observed under the same condition for conventional

iron oxide-based materials. Moreover, the large heating effect is self-regulated at the 1st order TC

(319 K). This proof-of-concept study shows that the extraordinary heating effect near the 1st order

Curie point opens up a novel alloy design strategy for large, self-regulated induction heating.
VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4900557]

The idea of utilizing the power losses of magnetic mate-

rials for remote heating1–4 was introduced as early as in the

1950s for hyperthermia treatment of cancerous cells.1 This

approach could promise to be minimally invasive, selective,

and inexpensive if successfully applied for the intra-cellular

hyperthermia treatment. However, there has been one major

problem unresolved to date; namely that the current specific

heating power of magnetic particles available for treatment

is far from satisfactory.5 As a result, the clinical applications

of magnetic particles for hyperthermia therapy6,7 usually

require either: (a) overwhelmingly large applied magnetic

fields at very high frequencies or (b) a massive dose of mag-

netic materials to ensure sufficient heating effects to destroy

the tumour tissue.

Given the attainable concentration of magnetic particles

in the cells and the required therapeutic temperatures (315 to

319 K) for the effective intra-cellular hyperthermia therapy,

the heating power of the magnetic material needs to be at

least� 1 kWg�1(Ref. 8) with a small radio-frequency (RF)

power where healthy cells are unaffected. Although such a

biocompatible RF power remains undefined universally,

some authors have proposed8 that the product of the mag-

netic field and frequency (H�f) needs to be less than

�109 A(m�s)�1. Under this biocompatible condition, the spe-

cific absorption rate (SAR)9 of traditional superparamagnetic

particles10 remains typically two orders of magnitude smaller

than what is required. Recently, a novel approach based on

exchange-coupled core-shell particles has been employed by

Lee et al.11 They reported a large heating power above

1 kWg�1 for the core-shell structure with two distinct local

magnetocrystalline anisotropy constants. However, the H�f
value used was well above 1010 A(m�s)�1 where an animal

body could be affected.12

It is well known that the loss power of magnetic particles

reflects the out-of-phase susceptibility (v00).2 Jeun et al.13

have investigated the induction heating effect in Fe3O4 nano-

particles in both superparamagnetic and ferrimagnetic states

and concluded that the attainable power loss in superpara-

magnetic state is far lower than that in the ferrimagnetic state

because of the limited v00 in a pure superparamagnetic state.

Hence, a higher induction heating effect is expected for a

magnetically ordered state through the hysteresis loss. Kita

et al.8 have demonstrated that their Co-doped iron oxide

nanoparticles in the ferromagnetic state exhibit a high specific

loss power of 420 Wg�1 at H�f¼ 6� 109 A(m�s)�1, reflecting

the advantage of the magnetically ordered state.

Utilizing the hysteresis-loss heating effect in ferro- and

ferri-magnetic materials has another advantage. Since the

hysteresis loss in these magnetically order materials dimin-

ishes at the Curie temperature (TC), the temperature rise

induced by induction heating is self-regulated at TC.14–17

Consequently, magnetic hyperthermia treatment could be

free from external temperature control when the TC is tuned

to the therapeutic temperature range. Brezovich et al.14 for

ferromagnetic Ni-Cu alloys and Shimizu et al.16 for their

biocompatible ferrimagnetic (Mg,Ti)-ferrite demonstrated

that the temperature rise is self-regulated by the Curie point

in these ferro- and ferri-magnetic materials. While the self-

regulated induction heating effect is ideal for biomedical
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applications, the spontaneous magnetization (Ms) of TC-

tuned magnetic materials with the conventional 2nd order

Curie transition is very limited18 at the human body tempera-

ture because the latter (310 K) is only about 5 K below the

Curie point when TC is tuned to match the therapeutic tem-

perature (315 K). Hence, the advantage in utilizing the large

hysteresis loss of the magnetically ordered state is lost.

Nevertheless, we propose that this fundamental limitation

due to the 2nd order Curie transition can be avoided in ferro-

magnetic materials with the 1st order Curie transition. The

spontaneous magnetization of such a 1st order material dis-

obeys the Brillouin function and Ms diminishes abruptly at

TC, resulting in large Ms values at temperatures immediately

below TC. Hence, a large loss power is expected for the 1st

order ferromagnetic materials at the human body tempera-

ture even if TC is tuned to the therapeutic temperature.

Furthermore, an extra irreversible effect on the magnetic

polarization process is expected owing to thermomagnetic

hysteresis associated with the coexistence of magnetic

phases near the 1st order Curie point. This irreversibility

may lead to a dramatic increase in the loss power near TC.

Consequently, 1st order ferromagnetic materials have a great

potential as a candidate of magnetic materials for self-

regulated induction heating.

In this short report, we have carried out a proof-of-con-

cept study on utilizing the 1st order Curie transition for self-

regulated large induction heating. La(Fe, Si)13-based materi-

als19–27 have been chosen in this study because the 1st order

Curie point of this compound is tuneable by incorporation of

hydrogen over a wide temperature range20,22–24 which covers

the ideal therapeutic temperatures.

LaFe11.57Si1.43 ingots were prepared in an arc melting

furnace in a purified argon atmosphere using elemental La,

Fe, and Si. Melt-spinning was carried out using a Cu roller at

a tangential wheel speed of 40 ms�1. The melt-spun ribbons

were encapsulated in an evacuated quartz tube and annealed

at 1323 K for 7.2 ks followed by water quenching. A fully

hydrogenated LaFe11.57Si1.43H2.27 compound was prepared

from the annealed ribbons by subsequent annealing at 523 K

for 7.2 ks under a H2 atmosphere with a pressure of 5 MPa.

The hydrogen content of LaFe11.57Si1.43H2.27 was adjusted

by annealing under a reduced pressure (10�2 Pa) for 3.6 ks at

temperatures between 473 K and 553 K. The hydrogen con-

tent was estimated from the weight loss upon dehydrogena-

tion on a Setaram SenSys Evo thermo-gravimetric analyser.

The hysteresis loops were acquired on a vibrating-sample

magnetometer (VSM). The heat generation ability of mag-

netic suspensions in water was investigated using an induc-

tion heating system (Ambrell EASYHEAT 0224). The

changes in temperature of the magnetic suspensions were

monitored as a function of time using an optical thermometer

(FLIR Thermacam SC2000) with an accuracy of 6 1 K.

Details of the preparation of magnetic suspensions are given

in the supplemental material.28

In Fig. 1, we show the temperature dependence of mag-

netization (M) at 0.4 MA/m for LaFe11.57Si1.43H2.27 annealed

isochronally for 3.6 ks under a reduced pressure of 10�2 Pa.

Results for fully hydrogenated LaFe11.57Si1.43H2.27 are also

shown for comparison. These M-T curves were acquired at a

heating rate of 1� 10�2 K/s. The hydrogen contents of

annealed samples are shown in this figure. A sharp and ab-

rupt drop of magnetization, characteristic of the 1st order

Curie transition, is evident on each of the four M-T curves.

The 1st order Curie point estimated from the M-T curves for

the LaFe11.57Si1.43Hy (y¼ 0, 0.8, 1.75 and 2.27) alloys varies

between 204 K and 350 K, where the ideal therapeutic tem-

peratures (315 to 319 K) for hyperthermia treatments are

fully covered. These TC values agree exceptionally well with

those of Lyubina et al.24 for the same alloy system. It is clear

that TC of the La(Fe, Si)13 compound is tuneable and an ideal

TC value of 319 K is confirmed for the LaFe11.57Si1.43H1.75

compound.

In Fig. 2, we show the magnetization curves of

LaFe11.57Si1.43H1.75 which were acquired upon heating at a

range of temperatures between room temperature and 326 K.

The effect of temperature on the M-H curves is limited up to

315 K and the spontaneous magnetization (Ms) remains well

above 100 Am2kg�1. However, the magnetization curve at

319 K exhibits a linear M-T relationship, characteristic of a

paramagnetic state. This abrupt change in Ms from above

FIG. 1. Temperature dependence of magnetization for La(Fe,Si)13H2.27

annealed isochronally for 3.6 ks at annealing temperature (Ta).

FIG. 2. Magnetization curves of LaFe11.57Si1.43H1.75 acquired upon heating

at a rate of 1.6� 10�3 K/s. The Curie point on heating was 319 K.
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100 Am2kg�1 to zero over a very narrow temperature win-

dow (3 K) reflects the 1st order magnetic transition. Unlike

the 2nd order Curie transition where the ferromagnetic order

of spins diminishes cooperatively at a critical temperature,

both ferromagnetic and paramagnetic phases may coexist in

La(Fe, Si)13 near the 1st order Curie point, which has been

confirmed experimentally by magneto-optic Kerr micros-

copy,26 and the abrupt decrease of Ms is governed by the

nucleation-and-growth process of the paramagnetic phase

rather than the molecular field in the ferromagnetic phase.

The 1st order magnetic transition in LaFe11.57Si1.43H1.75

is also reflected in the shape of the M-H curve. The M-H
curves well below TC show little irreversibility, whereas the

irreversibility is pronounced considerably between 315 and

319 K, immediately below TC. However, no appreciable

increase in the coercivity is evident on the M-H curves at

these temperatures, indicating that this hysteretic behavior is

unrelated to conventional magnetic hardening caused by the

magnetic anisotropy. Rather, this enhanced irreversibility

near TC is attributable to the phase coexistence where the fer-

romagnetic phase is induced in a matrix of the paramagnetic

phase by an external magnetic field. It is also known that the

ferromagnetic to paramagnetic phase transition in La(Fe,

Si)13 is accompanied by a large volume change of approxi-

mately 1%.21 Consequently, the nucleation-and-growth pro-

cess associated with the magnetic phase transition requires

stress accommodation, adding an extra irreversibility to the

Curie transition. The role of interface strain in determining

magnetic hysteresis in a 1st order system has been discussed

by Moore et al.29 Although this irreversibility on the M-H
curve is often problematic when this compound is applied

for magnetic refrigeration, this very effect due to the 1st

order transition is ideal for enhancing the loss power in the

vicinity of TC.

The static hysteresis loss of LaFe11.57Si1.43H1.75 was

estimated by integrating the area inside the M-H curve. The

results are shown in Fig. 3 where the loss is plotted as a func-

tion of temperature. A dramatic enhancement of the hystere-

sis loss from 10 6 0.6 kJm�3 at 315 K to 80 6 5.7 kJm�3 at

317.7 K is seen owing to the phase coexistence around TC.

Moreover, this large hysteresis loss diminishes almost com-

pletely at 319 K where the sample becomes paramagnetic.

Our hysteresis loss analysis indicates that the energy loss of

the LaFe11.57Si1.43H1.75 compound is highly dependent on

temperature and the expected loss power is maximized just

below TC followed by immediate attenuation of the heating

effect at TC. This unique behavior associated with the 1st

order Curie transition is ideal for self-regulated induction

heating by an external ac magnetic field.

An increase in the induction heating effect immediately

below TC is expected also for the rotational relaxation pro-

cess in magnetic fluids. Ondeck et al.30 have modeled the

effect of temperature on the rotational relaxation of single-

domain particles by incorporating the temperature depend-

ence of intrinsic magnetic properties into a model proposed

by Rosensweig.2 They showed that the heating effect could

be enhanced near the Curie temperature because of an

increase in susceptibility due to the Hopkinson effect.

However, the Hopkinson effect is limited to the conventional

2nd order Curie transition and the anomalous increase in the

hysteresis loss observed for LaFe11.57Si1.43H1.75 is unrelated

to this effect.

The induction heating effect of magnetic particles is of-

ten examined by measuring the temperature of water where

the magnetic particles are suspended. In the present study,

1 ml of distilled water containing 10 mg of magnetic particles

was used. The specific adsorption rate (SAR) of magnetic

materials is commonly evaluated by

SAR ¼ Cs
ms

mm

dT

dt

� �
t¼0

; (1)

where CS is the specific heat capacity of suspension (4.18

Jg�1K�1), dT/dt at t¼ 0 is the initial gradient of the heating

curve, ms and mm are the specific masses of the suspension

and magnetic particles, respectively. The initial gradient in

the present study was obtained based on the solution of the

relevant heat conduction equation, i.e.,

FIG. 3. Change in static hysteresis loss as a function of temperature for

LaFe11.57Si1.43H1.75.

FIG. 4. Change in temperature as a function of induction heating time under

H¼ 4.4 kA/m at f¼ 279 kHz for LaFe11.57Si1.43H1.75, MgFe2O4 and Fe3O4

suspensions.
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T tð Þ ¼ T0 þ DTmax½1� e�
t
s�; (2)

where T0 is the initial temperature of the suspension, DTmax

(Tmax� T0) is the saturation temperature increase, and s is

the time constant of heating which corresponds to the time

when the temperature reaches approximately 63% of Tmax.

The initial gradient dT/dt is defined by the latter two parame-

ters and is given by DTmax/s.

The heating effect was examined for LaFe11.57Si1.43

H1.75 (TC¼ 319 K) along with other conventional materials

with the 2nd order Curie transition for comparison. The sus-

pension was kept initially at room temperature and it was

then exposed to a constant applied field of 4.4 kAm�1 at

279 kHz. Figure 4 shows the relationship between the tem-

perature of the suspension and the exposure time for

LaFe11.57Si1.43H1.75, commercial Fe3O4 and MgFe2O4 pre-

pared in our laboratory.31 The temperature of the LaFe11.57

Si1.43H1.75 suspension shows a dramatic increase with time

and reaches the ideal therapeutic range for hyperthermia

treatment in less than 60 s. However, despite such a massive

heating effect of LaFe11.57Si1.43H1.75, the temperature is well

regulated at 320 K because of the abrupt attenuation of the

loss power at TC. This is realized by applying a constant ac

field, demonstrating the advantage of the abrupt drop of the

spontaneous magnetization at the TC of the 1st order mag-

netic transition on heating. The magnetic heating effect by

the two conventional 2nd order materials is simply insuffi-

cient presumably because of the limited spontaneous mag-

netization. Thus, the temperature of the suspension does not

reach the therapeutic range. The anomalous hysteresis loss

observed for LaFe11.57Si1.43H1.75 appears to be quite effec-

tive in generating heat through alternating magnetic fields.

The specific adsorption rate (SAR) for LaFe11.57Si1.43 H1.75,

Fe3O4 and MgFe2O4 was estimated from the measured T-t
curves through the relationship in Eq. (1). The results are sum-

marized in Table I. In addition to the plots shown in Fig. 4, simi-

lar analysis was also carried out at a higher magnetic field of

8.8 kA/m at 279 kHz and the SAR values under this heating con-

dition are also included in this table. We limited the highest H�f
value to 2.5� 109Am�1s�1 (8.8 kA/m at 279 kHz) in the present

study because it has been reported that an animal body could be

seriously affected by a H�f value of 1.2� 1010 Am�1s�1.12 The

SAR values of LaFe11.57Si1.43H1.75 are as high as 200–500

Wg�1, more than an order of magnitude higher than those of

Fe3O4 and MgFe2O4. The high SAR value of LaFe11.57

Si1.43H1.75 also stands out when it is compared with literature

values for superparamagnetic and ferromagnetic materials. A

comprehensive report by Kallumadil et al.10 has shown that

the highest intrinsic loss power (ILP) among 16 different

commercial superparamagnetic materials is 3.12� 10�12

Hm2g�1, equivalent to a SAR value of 67 Wg�1 at

H�f¼ 2.5� 109 Am�1s�1. Kita et al.8 has realized high SAR val-

ues up to 420 Wg�1 by employing ferromagnetic Co-doped iron

oxide nanoparticles, a 2nd order ferromagnet with TC at about

800 K. However, the SAR value at H�f¼ 2.5� 109 Am�1s�1

was approximately 180 Wg�1. Hence, the SAR value for

LaFe11.57Si1.43H1.75 (522 6 20 Wg�1) appears to be exceptional.

Furthermore, unlike LaFe11.57Si1.43H1.75, none of these conven-

tional superparamagnetic or ferromagnetic materials with rela-

tively large SAR exhibits a self-regulated heating effect within

the therapeutic temperature range. The SAR value confirmed

under a biocompatible magnetic field for the 1st order

LaFe11.57Si1.43H1.75 alloy is close to the required minimum heat-

ing effect (�1 kWg�1) for in-vivo hyperthermia applications,

demonstrating the effectiveness of utilizing the 1st order Curie

transition for magnetic induction heating.

Warburg32 is widely credited with discovering the heat

dissipation associated with magnetic hysteresis. However,

many articles in the magnetocaloric literature have incor-

rectly credited him with having also first observed the mag-

netocaloric effect,33 i.e., an isothermal entropy change or

adiabatic temperature change induced by a pseudo-static

magnetic field. In this article, we have brought the research

fields of magnetocaloric materials and hysteretic dissipation

together, utilizing Warburg’s hysteresis in the region of

phase coexistence around the Curie temperature of a first

order magnetocaloric material. Our study confirms that the

extraordinary loss power diminishes very abruptly at the

Curie point on heating. This leads to a unique self-regulated

heating effect with a massive loss power which is

unmatched by other conventional ferromagnetic materials.

This proof-of-concept study concludes that the extraordi-

nary heating effect near the first-order Curie point opens a

novel alloy design strategy for realizing in-vivo hyperther-

mia therapy.
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