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We have demonstrated that the Verwey transition, which is highly sensitive to impurities, survives in

anisotropic Gd-doped magnetite nanoparticles. Transmission electron microscopy analysis shows that

the nanoparticles are uniformly distributed. X-ray photoelectron spectroscopy and EDS mapping analysis

confirm Gd-doping on the nanoparticles. The Verwey transition of the Gd-doped magnetite nanoparticles

is robust and the temperature dependence of the magnetic moment (zero field cooling and field cooling)

shows the same behaviour as that of the Verwey transition in bulk magnetite, at a lower transition

temperature (∼110 K). In addition, irregularly shaped nanoparticles do not show the Verwey transition

whereas square-shaped nanoparticles show the transition. Mössbauer spectral analysis shows that the

slope of the magnetic hyperfine field and the electric quadrupole splitting change at the same tempera-

ture, meaning that the Verwey transition occurs at ∼110 K. These results would provide new insights into

understanding the Verwey transition in nano-sized materials.

Introduction

The Verwey transition has remained an intriguing issue ever
since Verwey claimed the charge ordering of magnetite in
1939.1 At room temperature, magnetite is an inverse spinel
(space group: Fd3m, AB2O4) where octahedral B sites are occu-
pied by Fe2+ and Fe3+ ions, whereas tetrahedral A sites are
occupied by Fe3+ ions. Below ∼120 K, the Verwey temperature
Tv, magnetite undergoes a first-order metal–insulator tran-
sition that was interpreted as a charge ordering of Fe2+ and
Fe3+ ions by Verwey et al.1–4 In the early days, a controversy ori-
ginated due to the sample quality because the Verwey tran-
sition is very sensitive to impurities and defects. In fact, it is
known that even a small amount of impurities causes the
Verwey transition to vanish.5 In addition, a mean-field model
asserts that d = 0.0039 in Fe3(1−d )O3 transforms the first-order
Verwey transition to a second-order transition.6,7 Because the
Verwey transition disappears due to a very subtle perturbation,
it is one of the most difficult topics to completely understand.
Although many researchers have studied this intensively, there

are still unclear aspects such as the crystal structure below the
Verwey transition and even the existence of charge ordering.

On the other hand, limited studies exist on the Verwey tran-
sition in nanoparticles (NPs).8–12 The development of NP syn-
thesis techniques yields other points of view in research on the
Verwey transition. Recently, it was reported that the size depen-
dence of the transition was weak and that the transition dis-
appeared below the size of ∼6 nm.11 In addition, Mitra et al.
found that octahedrally shaped magnetite NPs with a size of
6–14 nm show the Verwey transition whereas spherically
shaped magnetite NPs do not.10 This indicates that the surface
shape (or anisotropy) is also an important factor for displaying
the Verwey transition. In addition, X-ray magnetic circular
dichroism spectra show that more Fe3+ ions occupy the octa-
hedral B sites in cube-shaped magnetite NPs.13 This means
that the shape of the magnetite NPs affects the occupancy of
the octahedral B sites where charge ordering occurs. In other
words, the Verwey transition in magnetite NPs is also sensitive
to the size and surface anisotropy.14

Lanthanide-doped magnetite NPs are of particular interest
owing to their unique optical and magnetic properties.
Recently, De Silva et al. reported that lanthanide ions doped in
magnetite preferentially occupy octahedral B sites, and lantha-
nide-doped magnetite NPs show ferromagnetic properties
rather than superparamagnetic behaviour at room tempera-
ture.15 Doping lanthanide into magnetite materials is detri-
mental to the Verwey transition. However, Gd is peculiar
among lanthanide ions because the electronic configuration of
Gd ions is similar to that of the Fe ions. Gd-doped magnetic

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
c7nr03684a

aKorea Multi-purpose Accelerator Complex, Korea Atomic Energy Research Institute,

Gyeongju, 305-353, Korea
bDepartment of Physics, Kookmin University, Seoul 136-702, Korea
cSchool of Chemical Engineering, Yeungnam University, Gyeongsan 38541, Korea
dDepartment of Chemical Engineering, Pohang University of Science and Technology,

Pohang 790-784, Korea. E-mail: goodnews@postech.ac.kr

13976 | Nanoscale, 2017, 9, 13976–13982 This journal is © The Royal Society of Chemistry 2017

www.rsc.li/nanoscale
http://orcid.org/0000-0001-9243-7290
http://orcid.org/0000-0003-1797-8585
http://orcid.org/0000-0001-7748-6094
http://orcid.org/0000-0003-2711-6380
http://crossmark.crossref.org/dialog/?doi=10.1039/c7nr03684a&domain=pdf&date_stamp=2017-09-22

	Button 1: 


