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Abstract

Magnetically hard nanoparticles have been widely explored in 
colloidal solution synthesis while high temperature induced phase 
transformation is indispensable to achieve its high 
magnetocrystalline anisotropy. However, long-standing challenge 
of magnetic nanoparticles is the inaccessibility of the size-
controlled growth without the sintering induced agglomeration. 
Here, we report a universal one-pot eutectic reaction scheme of 
magnetically hard FePd nanoparticles on which the crystallization 
conditions are critical for its magnetic performance. We 
demonstrate the stoichiometry between transition metal and 
eutectic salt and sintering temperature can play an important role 
in the magnetic coercivity of FePd nanoparticles. In addition, 
gallium liquid metal is employed as the conductivity filler for the 
formation of magnetorheological fluid after mixing with metallic 
FePd nanoparticles. The liquid composite shows a high metallic and 
thermal conductivity as unconventional cooling metallic ferrofluid 
conductor, and we further demonstrate its potential application in 
sensors, conductors and thermal interfaces.

Magnetic nanoparticles are of intense interests due to their 
potential applications in permanent magnets, information 
technology and biomedical engineering.1-3 The nanoparticle 
nature offers major advantages due to its size and surface 
properties, and therefore much attention has been explored in 
the controlled synthesis of magnetic nanoparticles with 
pronounced magnetic properties.4 In this context, magnetically 
hard nanoparticles are particularly critical to cover a broad 
spectrum of industrial applications, such as data storage, 
nanomagnets, and ferrofluid.5 The energy density and stability 
of magnetic particles depends on the dimension of the 
particles.6 In almost all uses, the colloidal solution synthesis of 

magnetic nanoparticles represents one of the most studied 
approach while it is indispensable to activate its magnetically 
hard properties through the application of high temperature 
sintering induced phase transformation.7-9 However, a long-
standing challenge of maintaining nanosized magnetic hard 
particles is the inaccessibility of sintering-induced phase 
transformed hard nanoparticles without the agglomeration.10   

A eutectic reaction, known as liquid phase transformation, is 
based on a solid-state eutectic composition with low melting 
point to minimize energy consumption, making a low-cost 
manufacturing process.11-14 Such thermodynamic solidification 
shows a common structure of alternate lamellae. An 
understanding of microstructure formation is essential to 
explore the potential of eutectic reaction for magnetic 
nanoparticle formation.15, 16 For magnetically hard iron 
palladium (FePd), the nanoparticles of face-centered cubic (fcc) 
phase can be conventionally obtained through colloidal hot-
injection approach by using relatively low boiling point organic 
solvents, while the phase transition of FePd nanoparticles from 
fcc to face-centered tetragonal (fct) is always accompanied by 
high temperature sintering to exhibit high magnetocrystalline 
anisotropy.17, 18 Here, we report the eutectic crystallization 
approach to one-pot grow magnetically hard FePd 
nanoparticles by using the eutectic composition salt (KCl-LiCl) as 
high temperature reaction solvent medium, in which the as-
synthesized FePd nanoparticles exhibit the hard magnetism 
dictated by the reaction conditions, such as the composition 
ratios, reaction temperature and stoichiometry of Fe and Pd 
elements (The details are discussed in supporting information). 
The traditional magnetic fluid materials consist of magnetic 
nanoparticles, organic/aqueous solvent component, and the 
surfactants for the improved stability and dispersion. However, 
a long-standing limitation of such system is the low operation 
temperature of solvent/organic additives, and electric 
insulating nature to limit its broad applications.19, 20 In order to 
overcome these challenges, the liquid magnetic metal, doping 
magnetic particles into liquid metal, is considered as a new 
approach to develop electrically and thermal conductive 
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magnetic fluid system. Hence, we demonstrate the liquid 
metallic magnet by mixing the as-synthesized FePd 
nanoparticles with liquid metal gallium filler for the formation 
of magnetorheological fluid. The liquid composite shows a high 
metallic and thermal conductivity as unconventional cooling 
metallic ferrofluid conductor, promising potential applications 
in sensors, conductors and thermal interfaces.21 

Figure 1. (a) Eutectic salt melt synthesis and crystallization of FePd powder; 
(b) The SEM image of FePd powder; (c)The TEM image of FePd; (d) Magnetic 
hysteresis loops of FePd powder; (e) The XRD pattern of FePd powder. 

Eutectic salt reaction, a powder metallurgical method, involves 
the molten salt as the solvent medium to prepare the metallic 
FePd magnetic nanoparticles. Molten salt (KCl-LiCl, in this study) 
can enhance the rates of solid-state reactions, in which the 
amount of salt is typically a few percent of the total weight to 
control the characteristics (size, shape, etc.) of magnetic FePd 
nanoparticles (Figure 1a). Flake-shaped FePd nanostructures 
consisting of nanoparticle building blocks are obtained in one-
step eutectic reaction, where this unique flake-shaped FePd 
could be a result of the lamellar structure formed during the 
solidification of the eutectic salts. Figure 1b and 1c show the 
scanning electron microscopy (SEM) and transmission electron 
microscopy (TEM) images of as-synthesized FePd nanoparticles, 
confirming the layered assembly structure consisting of FePd 
nanoparticles. Figure 1c presents the TEM image of the FePd 
nanoparticles with an average diameter of 11 nm. Meanwhile, 
according to Fig. 1c, magnetic hysteresis loop of as-synthesized 
FePd nanoparticles shows the coercivity of 1,800 Oe. In 
addition, X-ray diffraction (XRD) (Fig. 1e) suggests the formation 
of the fct-FePd phase after eutectic solidification, while (202) 
and (002) planes signal the fct phase of FePd nanoparticles.14, 22

Figure 2. (a) XRD patterns of FePd with different halide precursors (the inset 
image is the TEM image of FePd with FeI2 precursor); (b) Magnetic hysteresis 
loops of FePd with different precursors; (c) Magnetic hysteresis loops of 
FePd with different ratios of precursor. 

The chemical precursor, such as iron halide compounds, plays 
an important role in controlling the stoichiometry of FePd 
nanoparticles during the eutectic crystallization reaction. The 
decomposition of iron halides is based on the concept of hard-
soft acid-base application, while the basic degree of halogen 
elements gradually decreases from the iodine to fluorine 
anions. When the difference of basic degree between two 
elements is slight, the bonding between iron cation and halide 
anion is strong and not readily decomposed. Meanwhile, the 
more basic degree increases, the softer Lewis base presents. 
The bonding between Fe2+ and I- is relatively weak, leading to a 
readily decomposed FeI2 under the same eutectic reaction 
conditions. Figure 2a shows the XRD spectra of as-synthesized 
FePd nanoparticles by using the different halide precursors, 
which evidences the stoichiometry of FePd by using the FeI2 
precursor. The TEM image of FePd by using FeI2 precursor is 
shown in the upper right in Fig 2a, the TEM image of FePd with 
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other halide precursors presents in Fig. S2-4. Figure 2b 
illustrates the magnetization hysteresis (M-H) loops of as-
synthesized FePd nanoparticles prepared by different halide 
precursors under the same ratio between Fe and Pd precursors. 
The M-H loop suggests the optimum coercivity of FePd 
nanoparticles synthesized from the FeI2 precursor, confirming 
the role of stoichiometry on magnetic performance of FePd. We 
further demonstrate the stoichiometry role of FePd 
nanoparticles on its magnetic performance by controlling the 
ratios between Fe and Pd precursors (Fig. 2c).   According to the 
Fig. 2c, the stoichiometry of Fe:Pd plays an important role in its 
magnetization and coercivity of FePd nanoparticles. A higher 
composition of Fe element leads to a high magnetization, while 
the stoichiometry of FePd results in an optimum coercivity. The 
eutectic salt melt and crystallization method is shown to be an 
efficient and single-step method to prepare the FePd with an 
average diameter of 11 nm, which presents a coercivity of 3,000 
Oe and a magnetization of 17 emu/g. The eutectic reaction 
provides a new one-pot synthetic pathway to control the 
growth of magnetically hard FePd phase, in which its 
stoichiometry can be controlled by the input precursor ratio or 
reaction conditions.23

Liquid metal magnet is an emerging application of colloidal 
magnetic nanoparticles. The conventional ferrofluid is made of 
magnetic nanoparticles and organic solvent, in which its 
electrically insulating nature and volatile organic solvent limits 
its broad applications. Liquid gallium shows both high electrical 
and thermal conductivity at room temperature. The cooling 
effect of liquid gallium is well-known for emerging thermal 
interfaces, while the control of liquid feature can be a 
challenging task. The as-synthesized FePd nanoparticle filler can 
be mechanically mixed with liquid Ga matrix for the formation 
of magnetorheological fluid with a permanent-magnet-like 
characteristic. It is worth noting that the fluidity of FePd-Ga can 
be controlled by the concentration of FePd nanoparticle loading 
due to the potential interfacial surface bonding between Fe and 
Ga matrix. Figure 3a shows the M-H loop of liquid magnetic 
FePd-Ga composite with 4 wt% concentration of FePd 
nanoparticles, suggesting the magnetic nature of liquid magnet 
inherited from the FePd nanoparticles. The uniform distribution 
of FePd nanoparticles in the liquid composite can be resolved 
from the SEM (Fig. S5a) and its energy dispersive X-Ray 
spectroscopy mapping images (Fig. S5b). Figure 3c shows the 
current-voltage (I-V) curves of FePd-Ga composites. The 
electrical conductivity of liquid composite can be influenced by 
the temperature and magnetic field. At room temperature (298 
K), the conductivity is 6.88*105 Sm-1 regardless of the presence 
of the magnetic field, when the temperature rises to323 K, the 
value of conductivity of metallic liquid composite decreases to 
2.61 *105 Sm-1. However, with the application of magnetic field, 
the conductivity could increase to 2.95*105 Sm-1, suggesting 
magnetic field effects in metallic magnetic conductor. It is worth 
mentioning that the positive effect of the application of 
magnetic field suggests the potential alignment of FePd 
nanoparticles in the liquid composite contributing to its 
improved conductivity.  In addition, the rapid cooling effect of 

liquid metal composite can be obtained by Infrared (IR) camera, 
presented in Fig. 3d and Fig. S6. Sequential snapshots shows the 
variation of temperature of the cooling location with respect to 
the time. Under the application of magnetic field, the droplet of 
FePd-Ga composite is swiftly pulled along the channel following 
the magnetic flux direction, suggesting its magnetic fluid nature 
for cooling applications. The heat flux for FePd-Ga composite 
could reach 475 W/m2 based on steady thermal simulation (Fig. 
S6d), indicating the efficient cooling potentials (Fig. S6e).

Figure 3. (a) Magnetic hysteresis loop of Ga-doped FePd, (b) SEM image of 
Ga-doped FePd, (c) IV-curve for Ga-doped FePd, (d) IR-camera images for 
fluid cooling effect of Ga-doped FePd.

In conclusion, we report a new eutectic solidification strategy to 
synthesize magnetically hard FePd nanoparticles with an 
average diameter of 11 nm, which can be further mechanically 
mixed with liquid metal Ga for the formation of liquid metal 
magnet with electrical and thermal conductivity.   Eutectic salt 
melt method effectively prevents the sintering induced 
aggregation of magnetic nanoparticles during the phase 
transformation process. Meanwhile, eutectic method also 
simplifies the procedure of production and reduces the energy 
consumption for a potential scalable manufacturing method of 
magnetic nanoparticles. The liquid metal magnet of FePd-Ga 
composites exhibits a metallic conductivity and rapid cooling 
effect controlled by external magnetic field. The findings 
presented here provide a new arena of liquid metal magnet for 
liquid conductor and thermal interface applications.

Conflicts of interest
There are no conflicts to declare.

Acknowledgements
S.R. acknowledges the support from the U.S. National Science 
Foundation (NSF) under the CAREER Award No: NSF-DMR-
1830749. 

Notes and references
1. N. A. Frey, S. Peng, K. Cheng and S. Sun, Chemical Society 

Page 3 of 5 ChemComm



COMMUNICATION Journal Name

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

Reviews, 2009, 38, 2532-2542.
2. W. Lei, Y. Yu, W. Yang, M. Feng and H. Li, Nanoscale, 2017, 

9, 12855-12861.
3. J. Zhang, C. Li, J. Armstrong and S. Ren, Chemical 

communications, 2019, 55, 656-658.
4. A. J. Cole, V. C. Yang and A. E. David, Trends in 

biotechnology, 2011, 29, 323-332.
5. S. Laurent, J.-L. Bridot, L. V. Elst and R. N. Muller, Future 

medicinal chemistry, 2010, 2, 427-449.
6. R. Hergt, S. Dutz, R. Müller and M. Zeisberger, Journal of 

Physics: Condensed Matter, 2006, 18, S2919.
7. A. H. Lu, E. e. L. Salabas and F. Schüth, Angewandte Chemie 

International Edition, 2007, 46, 1222-1244.
8. D. S. Mathew and R.-S. Juang, Chemical engineering journal, 

2007, 129, 51-65.
9. A. Akbarzadeh, M. Samiei and S. Davaran, Nanoscale 

research letters, 2012, 7, 144.
10. J. Li, J. Kong, Q. Zhu and H. Li, AIChE Journal, 2017, 63, 459-

468.
11. R. Baetens, B. P. Jelle and A. Gustavsen, Energy and 

buildings, 2010, 42, 1361-1368.
12. N. Pfleger, T. Bauer, C. Martin, M. Eck and A. Wörner, 

Beilstein journal of nanotechnology, 2015, 6, 1487-1497.
13. X. Liu, N. Fechler and M. Antonietti, Chemical Society 

Reviews, 2013, 42, 8237-8265.
14. A. Basin, A. Kaplun, A. Meshalkin and N. Uvarov, Russian 

Journal of Inorganic Chemistry, 2008, 53, 1509-1511.
15. Z. Sun, M. Guo, J. Vleugels, O. Van der Biest and B. Blanpain, 

Current Opinion in Solid State and Materials Science, 2012, 
16, 254-267.

16. S. Xu, A. H. Habib, A. D. Pickel and M. E. McHenry, Progress 
in materials science, 2015, 67, 95-160.

17. H. L. Nguyen, L. E. Howard, S. R. Giblin, B. K. Tanner, I. Terry, 
A. K. Hughes, I. M. Ross, A. Serres, H. Bürckstümmer and J. 
S. Evans, Journal of Materials Chemistry, 2005, 15, 5136-
5143.

18. T. Teranishi, A. Wachi, M. Kanehara, T. Shoji, N. Sakuma 
and M. Nakaya, Journal of the American Chemical Society, 
2008, 130, 4210-4211.

19. I. A. de Castro, A. F. Chrimes, A. Zavabeti, K. J. Berean, B. J. 
Carey, J. Zhuang, Y. Du, S. X. Dou, K. Suzuki and R. A. Shanks, 
Nano letters, 2017, 17, 7831-7838.

20. M. Xiong, Y. Gao and J. Liu, Journal of magnetism and 
magnetic materials, 2014, 354, 279-283.

21. T. Daeneke, K. Khoshmanesh, N. Mahmood, I. De Castro, D. 
Esrafilzadeh, S. Barrow, M. Dickey and K. Kalantar-Zadeh, 
Chemical Society Reviews, 2018, 47, 4073-4111.

22. N. Dharuman and L. J. Berchmans, Ceramics International, 
2013, 39, 8767-8771.

23. R. D. Hancock and A. E. Martell, Journal of chemical 
education, 1996, 73, 654.

Page 4 of 5ChemComm



Journal Name  COMMUNICATION

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5

Please do not adjust margins

Please do not adjust margins

TOC

Liquid metal magnet achieved by eutectic grown FePd 
nanoparticles in liquid metal gallium medium. 

Page 5 of 5 ChemComm


