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The AC/DC magnetic susceptibility and heat capacity of microsized and nanosized DyF; particles
were measured. These measurements were used to estimate the influence of the size of DyF; particles
on their magnetic properties. Dipolar ferromagnetic transition was observed in susceptibility
measurements for DyF; microparticles at 7c=2.54 K, whereas DyF3 nanosized particles remain
paramagnetic down to the lowest achieved temperature of 1.8 K. This peculiar behaviour might
indicate the change of magnetic properties due to crossover from macro to nanoscale physics.

PACS: 75.50.-y, 75.90+w, 81.10-h.
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1. Introduction

Lanthanide fluoride ReF3 (Re = rare earth) nanoparticles have been used in many fields of science and
technology, e.g. as active medium in solid state lasers, biological labels, waveguide devices, optical-
display phosphors [1-8]. The lanthanide ions (La-Lu) containing compounds and materials are
perspective in use as magnetic resonance contrast agents at low and high magnetic fields [9-10]. The
microwave-assisted synthesis method was successfully used for preparation, structure and size
modification of PrF3; and DyF; nanoparticles [11-20].

There are articles devoted to DyFs nanoparticles synthesis [20-23]. The DyFs nanoparticles are used
for Nd-Fe-B magnets fabrication and for other applications [24-28]. The DyF3; compound is a dipolar
ferromagnet with a phase transition temperature 7c = 2.55 K [29]. At the same time magnetic transition
to ferromagnetic state is not observed in TbF3 nanoparticles so far [10]. In this sense, the dependence of
the phase transition temperature as a function of a particle size itself is one of the intriguing problem.

It is also known that magnetic properties of nanoparticles are related to the size of the particles. The
reduction of Curie temperature with decrease particles size was observed [30-32]. Finite-size effect is
related to the increase of surface to volume ratio with decreasing of nanoparticles size, because the
surface properties are different from the bulk material [33].

In this paper magnetic properties study by magnetometry and heat capacity measurements are reported.

2. Materials and methods

A crystalline microsized powder DyF; was used as sample #1. The powder was prepared from a DyF3
single crystal grown at the Research Laboratory of Magnetic Radiospectroscopy and Quantum
Electronics of Kazan Federal University by mechanical grinding in a sapphire mortar. Then the
powder was sifted with a 45 um sieve. Typical size of particles was 1-45 um.

The DyF; nanoparticles with average particle size of about 16-18 nm (sample #2) were synthesized
by the 7 hour microwave-assisted colloidal hydrothermal method described in [21].

The crystal structure of all samples was characterized by X-ray diffraction (XRD). Powder X-ray
diffraction experiments were done on Bruker D8 Advance X-ray diffractometer with use of copper

Ka (a=1.5418 A) radiation and continuous scan. Scan speed 0.005° per second in the range of
diffraction angles 20°-60° was chosen.
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Experimental XRD patterns of samples are T * * * @]
shown in fig. 1. The PowderCell software [34] B ]
allows to simulate the diffraction pattern of I
DyFs. The XRD patterns can be indexed to a
pure orthorhombic phase DyF; (space group

Pnma (D)) with lattice constant a = 6.460 A,

b=6.9060 A and ¢=4.3760 A [35]. In the
measured X-ray diffraction spectrum of the
DyF; micropowder no any extra peaks were
observed (fig. la). The X-ray diffraction o : : :
measurements in the DyF3; nanopowder reveal DyF; simulated XRD pattern
the presence of two very weak diffraction
maximums (26 ~21.790° and 26=26.610°) 8 j JM
i i j MA lhl |
20 40

DyF; sample #1

r DyF5 sample #2

Amplitude (a.u.)

that do not belong to DyF3 structure. Thus, in
the nanopowder there is only a small
admixture of the unknown crystalline phase.

26 (deg.)
(a, b) The experimental XRD patterns of DyF;
samples #1 and #2. (c) The simulated DyF;
XRD patterns using PowderCell software.

) Figure 1.
The magnetic properties of micro and

nanosized DyF; particles were investigated by
static (DC) and dynamic (AC) magnetic
susceptibility measurements using a Magnetic Property Measurement System XL-7 by Quantum
Design. All performed static susceptibility experiments were done in zero-field cooled regime in the
temperature range of 1.8-300 K. The external magnetic field Hpc = 100 Oe was applied during heating
up of the sample in all measurements. For acquiring the AC susceptibility data the driving field
5 Oe (Hac) was applied and the frequency was varied in the range of 5-500 Hz. For sample #1 the
dynamic susceptibility measurements were performed at Hpc = 100 Oe, whereas measurements of the
sample #2 were performed in the absence of external magnetic field (Hpc = 0 Oe).

The temperature dependence of the static magnetic susceptibility of DyF3 micropowder (samples #1
and #2) is shown in fig. 2. The static susceptibility is described by Curie-Weiss law y =C/(T-T.),
where C is Curie constant, 7 is the absolute temperature and 7¢ is the Curie temperature,
corresponding to the ferromagnetic transition. At high temperatures the both susceptibilities of the
samples show paramagnetic behaviour, while at low temperatures y(7') curves for micro- and nano-
samples exhibit different features.
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Figure 2. The temperature dependencies of DC magnetic susceptibility (®) and inverse static susceptibility (o)
of DyF; (samples #1 and #2) in external magnetic field of 100 Oe. The black line shows an eye guide
for susceptibility data. The red solid line represents the fit to Curie-Weiss law for inverse static
susceptibility data. The inset represents DC susceptibility data near T¢.
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Figure 3. The real part of the magnetization versus  Figure 4. The temperature dependence of the specific
temperature measured at 5 Oe for DyF; heat of DyF; nanoparticles (sample #2).
nanoparticles (sample #2).

The magnetic transitions of microsized particles were observed at 7¢c = 2.54 K, which is in a good
agreement with the Curie temperature reported for DyF; single crystal [29]. In contrast to this result
for DyF3; nanoparticles evidences of the magnetic transition were not observed to the lowest achieved
temperature 1.8 K.

For the further analysis we plot inverse static susceptibility ' as a function of temperature
(see fig. 2). For micro powdered DyF; inverse static susceptibility y ' holds linear temperature
dependence down to 7=50K and slightly deviates from linearity below this temperature. For
nanosized particles the y ' (7') shows pure paramagnetic-like behaviour in whole temperature range.
From the linear fit of the high-temperature part (above 50 K) of ' the Curie constants were obtained
and effective magnetic moments were evaluated, which are 10.47 ug and 8.6 us per magnetic ion for
micropowder and nanopowder, correspondingly.

The dynamic magnetic susceptibility measurements are also a powerful and sensitive tool to study
magnetic phase transitions, such as ferromagnetic transitions. The AC measurement provides an
accurate determination of the magnetic ordering temperature 7c [36]. In fig. 3 the temperature
dependence of real part of magnetization M’ for DyF; nanoparticles (sample #2) is presented. As it can
be seen from fig. 3 there is no sign of magnetic phase transitions in the whole temperature range.

The heat capacity of the samples measured using Physical Properties Measurement System
(PPMS) from Quantum Design. The temperature dependency of the specific heat C, of DyF;
nanosized sample is shown in fig. 4.

The data of the specific heat measurements shows an anomaly with the peak at 7c=2.53 K for
nanosized sample #2 corresponding to the magnetic phase transition of DyF3 single crystal. The specific
heat anomaly in DyF; is in a good agreement with the specific heat measurements reported for DyF; [37].

At the first sight, comparison of heat capacity and magnetization data might look puzzling: the
dipolar ferromagnetic transition is observed for both micro and nano sized particles as a kink in the
specific heat at 7=2.53 K, but there is no sign of magnetic phase transition for nanoparticles in the
static and dynamic susceptibility measurements.

The phase transition was not observed by the magnetization measurements, possibly due to the
influence of surface effects and strong disordering of crystalline fields. Another possible explanation is
the superparamagnetism phenomena. When the size of particles is sufficiently small, a single domain
state become preferable. The direction of magnetic moment of such particle may change due to
thermal fluctuations and in the absence of magnetic field the averaged magnetization is zero. In this
state the external magnetic field polarize magnetization of nanoparticles. The temperature behaviour
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of the static susceptibility of superparamagnet nanoparticles is similar to a paramagnet even at
temperatures below 7c. Therefore, it is very likely that ferromagnetic transition takes place in each
single nanoparticle at Tc = 2.53 K as it was shown by heat capacity measurements but for assemble of
such nanoparticles still show paramagnetic behaviour. For a more detailed study it is necessary to
prepare a series of nanoparticle samples in the broad range of size. NMR experiments will also be
carried out to study the static and fluctuating magnetic fields of the solid matrix at low temperatures
using liquid *He as a probe.

3. Conclusions

The AC/DC magnetic susceptibility and heat capacity of microsized and nanosized DyF; particles were
measured. Dipolar ferromagnetic transition was observed in susceptibility measurements for DyFs
microparticles at 7c = 2.54 K, whereas nanosized DyF; particles remain paramagnetic-like down to the
lowest achieved temperature 1.8 K. Specific heat measurements show an anomaly with a peak at
Tc=2.53 K for nanosized DyF;. This peculiar behavior might indicate the change of magnetic
properties due to crossover from the bulk (micrometer) to nanoscale physics.
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