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Abstract

We report here the magnetocaloric effect (MCE) in bulk and nanostructured gadolinium iron
garnets (Gd;Fes0j,). When compared with the bulk counterpart, the magnitude of the MCE is
smaller for nanostructured samples with an average grain size of 50 nm, but increases when the
grain size decreases to 35 nm. For the bulk sample, the MCE curves show a broad peak at

35 K; this peak is found to shift to lower temperatures for the nanostructured samples. The
origin of the MCE peak for the bulk sample is associated with the intrinsic magnetic
frustration and the ferromagnetic ordering of the Gd sublattice below 90 K, while for
nanostructured garnets it is additionally ascribed to the surface spin disorder and particle
blocking effects. While blocking is detrimental to achieving large MCE, surface spin disorder

is found to enhance it under high applied fields.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Magnetic refrigeration (MR), based on the magnetocaloric
effect (MCE), is a topic of increasing interest, since it
provides several important advantages over conventional gas
compression refrigeration techniques [1]. These advantages
include higher cooling capacity, compact device packaging
and environmentally friendly materials. Using paramagnetic
salts, such as Gd,(SO4)3-8H,0, the MR technology has
successfully achieved at temperatures in the mK range.
However, room temperature applications have remained out
of reach [2-4]. Receiving much interest have been the
newly discovered magnetocaloric materials, Gds(Sij_,Gey )4
[5], MnFe(P;_,As,) [6], Ni-Mn-Ga [7], Mn(As;_,Sb,)
[8], La(Fe,Sij_y)13 [9] and manganese oxides of the type
R_, M ,MnO3, where R = La, Pr, Nd, etc and M = Ca,
Sr, Ba, Pb, etc [4] that exhibit large MCE around 300 K.
These materials are attractive candidate materials for magnetic
refrigerants for use in active magnetic refrigerators (AMR)
[2-4]. However, it is difficult to make these materials
as thin films while maintaining stoichiometry and desirable
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magnetocaloric properties [10—13]. This is a major drawback
as a cooling device for micro electro mechanical systems
(MEMS) and nano electro mechanical systems (NEMS)
because they require planar or film structures compatible with
their geometries [13]. A disadvantage of using these materials
is that large MCE can be achieved only over a relatively
narrow temperature range in the vicinity of the magnetic phase
transition. This causes a major obstacle in achieving high
refrigerant capacity (RC) [2,4]. A search for new materials
that possess both large MCE and high RC is underway.
Nanocrystalline magnetic materials and magnetic nanopar-
ticles may prove superior to their bulk counterparts in that
they display reasonably large MCE over a wide tempera-
ture range thereby providing enhanced RC [10-13, 14-20].
Nanoparticles in particular are attractive since they may be
assembled as thin films through self-assembly. Since mag-
netic nanoparticles may possess superparamagnetic or mag-
netic order, depending upon particle size and inter-particle
interactions, tailoring of their nanostructure has proven use-
ful in increasing RC [18-20]. Importantly, a larger MCE has
been achieved in superparamagnetic nanoparticles than for the
more common paramagnetic materials [10, 11]. These results
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Figure 1. X-ray diffraction patterns and SEM images of Gd;FesO;, bulk and nanostructured samples. The scanning electron microgrpahs
show the surface morphology of the (a) as-prepared and (b) 35 h milled (35 nm) samples.

indicate that nanostructured magnetic materials may prove use-
ful for low-temperature refrigeration applications.

Gadolinium garnets are widely used in applications such
as magneto-optical, microwave and electrochemical devices
[21,22]. They are also promising candidate materials for MR
at low temperatures [11,23-25]. The interesting magnetic
properties of gadolinium iron garnet (Gds;FesO;,), which
is the focus of this study, arise mainly from its complex
magnetic structure [26,27]. In Gd;FesO;,, two sublattices
of ferric ions couple antiferromagnetically via the super-
exchange interaction through oxygen anions. The formula
unit consists of three Fe** cations on tetrahedral sites and two
Fe3* cations on octahedral sites [26]. The Gd3* ions are also
antiferromagnetically coupled to the net moment of the Fe3*
ions, but this coupling is weaker than that between Fe** ions.
Since the Gd** ions are disordered at room temperature, the
ferrimagnetic properties of the material at high temperature
are governed by the moments of the Fe** ions [26]. At low
temperature, however, the Gd>* lattice becomes ordered and
dominates the magnetic properties of the material due to the
larger magnetic moment of Gd compared with that of Fe
ions. In this temperature range, despite interactions between
neighbouring spins, magnetic frustration due to the geometric
configuration results in a disordered cooperative paramagnetic
state with finite entropy [23]. The presence of geometric
magnetic frustration has been demonstrated to be the cause
of an enhanced MCE in Gd3Gas0;> (GGG) [28]. In the
case of Gds3FesO,, the magnetic interactions are even more
intriguing because of the interplay between the Fe and Gd
sublattices.

From a magnetic cooling perspective, the study of MCE
of GdsFesO;, in nanostructured form may be of practical
importance. We present here a comparative study of MCE
in bulk and ball-milled Gd;FesO,, with nanoscale grain size.
Experimental results indicate that tuning the grain size of
GdsFesOy; leads to enhancement of the MCE relative to its
bulk equivalent.

2. Experiment

GdsFesO ; particles were synthesized in polycrystalline form
by solid state reaction. Starting materials were a mixture of
Gd,03 and «-Fe 03 in the nominal composition ratio 3:5.
Pure phase Gdi;FesO;, garnet nanopowders were prepared
by heating the mixture in an oxygen gas atmosphere three
times at temperatures of 1000°C (8h), 1250°C (8 h), and
1290°C (3h). These conditions are significantly different
from conventional solid state processing in which materials
are typically annealed at temperatures as high as 1450 °C for
24 h or more. Milling of the as-prepared garnet particles was
carried out in a controlled atmosphere using a planetary ball
mill (Fritsch Pulverisette, P7) with tungsten carbide (WC) balls
and vials to reduce the grain size. The vial was sealed in a
nitrogen atmosphere using a glove box. The ball to powder
weight ratio was 8: 1. The samples were milled for 10, 20,
35 and 40 h. After selected milling times, a small amount of
powder was removed each time from the vial for analysis. The
chemical analysis of these samples confirmed that they did not
have any contamination from the milling media. Composition
analysis using ICP and scanning electron microscope (SEM)-
EDX confirmed the stoichiometry of Gd:Fe as 3:5. The
crystal structure was characterized by x-ray powder diffraction
using Cu K, radiation (A\ = 1.5404 A) in a Rigaku Ultima
IIT diffractometer. Magnetic measurements were performed
using a physical property measurement system (PPMS) from
quantum design over the temperature range 5—300 K at applied
fieldsupto 7 T.

3. Results and discussion

The XRD patterns and SEM images of the bulk and
nanostructured samples are shown in figure 1. For the
as-prepared and milled samples, nearly identical patterns
corresponding to Gd;FesO;, (JCPDS-48-0077) are observed.
The x-ray line broadening increases with milling time due to
the reduction in grain size and possibly increased strain and
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Figure 2. ZFC and FC magnetization data taken at 100 Oe applied
field for (a) bulk, (b) 50 nm and (c¢) 35 nm nanostructured
Gd3 Fe5012.

defects in the lattice. The average grain sizes were determined
by applying the Scherrer formula using the full width at
half maximum of the (4 22) diffraction peak with a standard
deviation of 12%. All peaks in the diffractograms were indexed
on the basis of a garnet unit cell with the lattice parameters
determined by fitting the diffraction peak positions using the
least-squares reduction method. The surface morphology of
the bulk and nanostructured samples is shown in insets (a) and
(b), respectively, of figure 1. The bulk gadolinium iron garnet
powder particles are in the micrometre size range, whereas the
ball-milled samples show clusters of particles in the nanometre
size range. This is typical in high-energy ball-milled samples
due to the continuous welding, fracturing and re-welding of
the powder particles.

Figures 2(a)—(c) show the temperature dependence of
zero-field-cooled (ZFC) and field-cooled (FC) magnetization

taken at 100 Oe for the bulk, nanostructured samples with
an average grain size of 50nm and 35nm, respectively.
Henceforth, we will refer to these three samples as bulk,
50nm and 35 nm samples without repeatedly using the term
‘nanostructured’ to describe the latter two samples. It can be
observed from figure 2(a) that for the bulk sample, the ZFC
curve exhibits two cusps at ~115 and ~35 K that are associated
with glass transitions.  Ac susceptibility measurements
(not shown here) have been used to independently confirm
the glassy nature of the system. Noticeably, there is a
sharp increase in the FC magnetization below ~90 K, which
coincides with the magnetic ordering temperature of the
Gd sublattice [24]. Therefore, the bulk Gd;Fes;0;, system
undergoes two different glass transitions with the magnetic
moments of Gd being disordered at high temperature (7" >
90K) and ordered at low temperature (T < 90K). The
features associated with glass characteristics in the bulk sample
is less pronounced in the nanostructured samples and are
largely suppressed with decreasing grain size (see figures 2(b)
and (c)). Ac susceptibility measurements on the 50 and
35 nm samples have also revealed two frequency-dependent
susceptibility peaks although the overall glass signatures are
largely suppressed in these samples relative to the bulk sample.
It is worth noting from figures 2(b) and (c) that the ZFC
curves exhibit blocking-superparamagnetic behaviour with the
ZFC peak temperatures of ~125 K and ~100K for the 50 nm
and 35nm samples, respectively. This is consistent with
the general expectation that samples with smaller average
nanocrystallite size should have a lower blocking temperature
[29]. This also indicates that for the case of the nanostructured
samples, the blocking effect is present and becomes dominant
as the grain size is reduced. A detailed study of the
glass dynamics and competing effects of blocking and spin
frustration in these nanostructured systems is beyond the scope
of this paper and will be reported in a future publication.

In this paper, our main focus is on exploring the MCE
in bulk and nanostructured Gd;FesO;, materials. To evaluate
the MCE of the samples, the isothermal magnetization curves
were collected at different fixed temperatures ranging from
5 to 300K and a family of such curves is displayed in
figures 3(a)-(c). As one can clearly see from figure 3(a),
for the bulk sample the M—H curves show typical saturation
consistent with mean-field ferromagnetic behaviour and this
is in good agreement with the previous report by McMichael
et al [25]. However, the nanostructured samples exhibit non-
saturating M—H curves with gradual curvature suggestive of
superparamagnetic behaviour (see figures 3(») and (c)). As the
average grain size decreases from 50 to 35 nm, the shape of the
M—-H curve changes consistently with the superparamagnetic
response. The M—-H data in figure 3 are also consistent
with the ZFC magnetization data in figure 2. From a
magnetocaloric material perspective, it is worth mentioning
that the difference in magnetization becomes significantly
larger at lower temperatures for the bulk and 35 nm samples
(see figures 3(a) and (c)) than for the 50nm sample (see
figure 3(b)). This implies that for these samples, the large
MCE (i.e. the large magnetic entropy change) and its peak
would occur at low temperatures, and that the magnitude of
the MCE should be larger for the bulk and 35 nm samples.
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Figure 3. Isothermal magnetization curves taken at different fixed
temperatures between 5 and 300 K for (a) bulk, (b) 50 nm and
(c¢) 35 nm nanostructured samples.

The magnetic entropy change A Sy has been calculated
from the M—H curves (figure 3) using the Maxwell relation [1],

AS /H <8M> dH (1
M = MO e s
0 oT )y

where M is the magnetization, H is the magnetic field and 7 is
the temperature. The temperature dependence of —ASy at
different applied fields for the bulk, 50 nm and 35 nm samples
is plotted in figures 4(a)—(c), respectively. It can be observed
that for the bulk sample, the —A Sy (T) curves show a broad
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Figure 4. Temperature dependence of magnetic entropy change
—ASy at different applied fields up to 3 T for (a) bulk, (») 50 nm
and (c) 35 nm samples. In figure 4(b), the inset shows the magnetic
field dependence of the maximum magnetic entropy change
(=ASH*™) for the 50 nm sample. In figure 4(c), the inset shows the
magnetic field dependence of the maximum magnetic entropy
change (—ASy™) for the 35 nm sample.

peak at ~35 K (see figure 4(a)) and this peak shifts to a lower
temperature (~25K) for the case of the S0nm sample (see
figure 4(b)). It is noted that while the —AS\(T) peak for
the bulk sample is almost independent of the applied magnetic
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Figure 5. The magnetic entropy change (—ASy) as a function of
temperature for AugH = 2.1T for the bulk, 50 and 35 nm samples.
The inset shows the magnetic field dependence of the maximum
magnetic entropy change (—ASy*™) for the bulk (at 35 K), 35nm
(at 5K) and 50 nm (at 25 K) samples.

field, the one for the 50 nm sample tends to shift towards a
lower temperature as the applied magnetic field is increased.
This trend is consistent with our observation that the maximum
magnetic entropy change (—ASy™) of the 50 nm sample at 5 K
increases abruptly with applied magnetic field and becomes
larger than the one at 25 K (where the MCE peak is centred)
for a change in magnetic field of 3 T (see inset of figure 4(b)).
For the 35 nm sample, the peak of —AS\(T') shifts to even
lower temperatures and only the sharp rise is detected in the
temperature range 5-300 K (see figure 4(c)). For this sample,
a large MCE is achieved and the largest value of —ASH™
is achieved at 5K (see inset of figure 4(c)). For a better
comparison, we display in figure 5 the —ASy(7") data for the
bulk, 50 and 35 nm samples at the same applied magnetic field
of 2.1'T. The magnetic field dependences of —ASy™* for the
bulk sample at 35 K, for the 50 nm sample at 25 K, and for the
35 nm sample at 5 K are also included in the inset of figure 5.
From the magnetic cooling perspective, it is very interesting to
see, as in the inset of figure 5, that reducing the average grain
size to 50 nm results in a decrease in —ASy;, but a further
reduction to 35 nm increases —ASy. As compared with the
bulk counterpart, the —A Sy magnitude for the 35 nm sample
is larger for AugH > 1.5T. Corresponding to an increase
in the applied magnetic field of 3T, the —ASy is found to
be ~3.47Jkg~!' K~! for the 35 nm sample, while it is about
2.45Jkg~' K~! for the bulk material.

To put our results in perspective, we summarize in table 1
the values of —ASy™ of the present Gd;FesO;, materials and
some other cryogenic magnetic refrigerant materials from the
literature including previous work from our own group. It
can be seen from table 1 that for AugH = 1T, the —ASH™
value of bulk GdsFesOy, in the present case (0.78 Jkg~' K~!)
is larger compared with that of the bulk Gds;FesO;, reported
previously by McMichael et al (0.45Jkg™' K~') [25]. We
have evaluated the relative cooling power (RCP) of the present

bulk Gd;FesO,, sample using the same method as described
in [4] and obtain a relatively large value of 288 Jkg~! for
ApoH = 3T. However, it would not be possible to get a
reliable quantitative estimate of the RCP for the nanostructured
GdsFes0 , samples because they do not possess a well-defined
—ASm(T) peak down to the lowest temperature accessible to
us (4.2 K) but instead show the —A Sy (T') steadily increasing
with decreasing temperature. Thus, to keep the comparisons
meaningful, only the magnitude of —ASy; of these samples
are evaluated and summarized in table 1. For all the compared
nanostructured samples, it is interesting to note that for
AwoH = 1T the —ASy™ value of the 35nm Gd;Fes0,
is larger than that of NiFe,O,4 but smaller than those of Co
and Cogore Agshen Nanoparticles. However, for AugH = 3T
the —ASy™ value of the 35 nm sample is much larger than
that of all the other samples. Since the —ASy of the 35nm
sample increases rapidly as the temperature is lowered, this
material can be a potential candidate for MR at temperatures
below ~10 K.

Now, let us discuss the possible origin of the —A Sy (T)
peak and the —ASy*™(H) dependence in the bulk and
nanostructured GdszFesO;, samples. We recall that for
conventional magnetocaloric materials, the —ASy(7T) peak
is located near the magnetic ordering transition temperature
[1-4]. Thus, one may expect a similar feature in the
nanoparticle samples in the vicinity of the superparamagnetic
to blocking transition. However, experimental studies on a
number of magnetic nanoparticle systems have shown that the
magnitude of the —ASy is relatively small and only shows
a broad feature over a wide temperature region around the
blocking transition [15,16]. While the small magnitude of
—ASy 1s not desirable, its nearly constant value over a large
temperature range may prove useful in enhancing the RC
[13,15,16]. For the case of the nanostructured Gd;FesO,
samples, the —A Sy (7T) peak is located at low temperatures
(figure 4) much below their blocking temperatures (figure 2).
This apparently excludes the blocking transition as the origin
of the —A Sy(T) main peak in these samples.

As shown previously by Bohigas et al [30], the peak
of —ASMm(T) observed in Tby5Y(5Al, was associated with
the spin-glass transition temperature. In this case, the bulk
GdsFesO, sample exhibits two glass-like peaks at ~115 and
~35 K leading to a similar expectation that this system should
also possess two peaks of —ASy(T) at these temperatures.
However, only a broad peak of —ASy(T) is observed around
35K, which is the second glass transition temperature. This
difference can be explained by considering the fact that in
Gd3FesOp, the magnetic moments of Gd are disordered at
T > 90K and become ordered at T < 90K. As a result, the
MCE in this material at low temperatures below 90 K is likely
governed by the ferromagnetic ordering of the Gd moments
[23], and a broad peak of —ASy(T) around 35 K is the result
of the much larger value of —ASy around 35 K compared
with that around 115 K. For the 50 nm sample, the shift of the
—ASM(T) peak to 25 K is consistent with the ac susceptibility
results confirming that the glassy state is largely suppressed in
this nanostructured sample relative to its bulk counterpart. For
the 35 nm sample, the blocking effect appears to be dominant
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Table 1. Maximum magnetic entropy change, | ASy™|, occurring at the peak temperature, 7p, for ApgH = 1T and 3 T, for several

magnetic refrigerant candidate materials.

Material AugH(T) Tp (K) |ASE™| (Jkg'K!) Reference
Gd;Gas0y; (bulk) 1 10 1.50 [25]
Gd3G32.5F32.50|2 (bulk) 1 10 2.25 [25]
Gd;FesOy; (bulk) 1 40 0.45 [25]
Gd;Fes04, (bulk) 1 35 0.78 Present
Gd;Fes04, (50nm) 1 25 0.31 Present
Gd;Fes04, (35nm) 1 5 0.67 Present
NiFe,04 (6-15nm) 1 5 0.18 [16]
Co (50 nm) 1 15 1.00 [15]
COcore Ashen (40-28nm) 1 20 0.82 [15]
Gd;Fe;04, (bulk) 3 35 2.45 Present
Gd;Fes04, (50 nm) 3 25 1.49 Present
Gd;Fes04, (35 nm) 3 5 3.47 Present
NiFe,O4 (6-15nm) 3 5 1.15 [16]
Co (50 nm) 3 15 2.30 [15]
COcore Agshen (40-28nm) 3 20 2.30 [15]
over the intrinsic spin frustration effect and the increase in
— A Sy with decreasing temperature is consequently observed. 1004 | ~®Buk N i
. . Nano (35 nm)
Furthermore, recent studies have shown that reducing —e— Nano (50 nm)
grain size enhances surface spin disorder, thus inducing a
spin-glass-like freezing transition, and the prominent MCE 50
peak is observed in the vicinity of this transition [15, 16]. T=10K
As reported earlier in [16], the —ASy(7T) curves of ball- \a
milled nanocrystalline ZnFe,O, clearly exhibited a peak at g 0
the freezing temperature associated with disordered surface &
spins. In this case, we believe that the decrease in grain size = 50 -
leads to the misalignment of surface spins thus affecting the oo
. . .. . —0—
—ASMm(T) behaviour (i.e. the peak position and magnitude of o-o-o°
—ASM(T)) in the nanostructured Gd;FesO, samples. For -100 - n
. . l-l—l—l—l—l—l—l—‘
the 50 nm sample, the contribution to — A Sy from the surface
spin disorder becomes significant at sufficiently high applied 60 4'0 " 2'0

magnetic fields (AuoH > 2T), as can be seen in figure 4(b)
and its inset. In contrast, for the 35 nm sample, the disorder
of surface spins is largely due to the reduced grain size.
Therefore, the shift of the — A Sy (7") peak to lower temperature
and the strong increase in magnitude of — A Sy; with decreasing
temperature for the 35nm sample (see figure 4(c) and its
inset) can also be attributed to the strong effect of surface
spin disorder. As compared with the bulk counterpart, the
reduction in —A Sy** for the 50 nm sample is likely associated
with the decrease in the saturation magnetization (see figure 6)
whereas the enhancement in —ASy™ for the 35 nm sample
for AugH > 1.5T is due to the strong effect of the
applied magnetic field on the disordered surface spins. Non-
saturation of the magnetization and the increase in its slope
with decreasing particle size in the nanostructured samples
(see figure 6 and its inset) also confirm the influence of surface
spin disorder in these samples.

To fully understand the variation of —ASy(7) in the
nanostructured Gd;FesO,, samples, we note that the change in
the overall magnetization is influenced by various factors, such
as the Zeeman energy, due to the applied field, thermal energy
kgT, anisotropy energy and inter-particle interactions [19].
If one of these energies (for example, the thermal agitation
energy) changes due to variation in temperature, then the
balance among other contributions is broken causing a change

Figure 6. Magnetic loops taken at 10 K for the bulk, 35 and 50 nm
samples.

in the overall magnetization. As the external magnetic field
is applied, the magnetization of the individual nanocrystalline
particles is determined by the sum of the projections of each
particle’s moment along the direction of the external magnetic
field. Atlow temperatures, thermal fluctuations are negligible
and the Zeeman energy dominates. Consequently, particle
moments can rotate freely and align along the direction of
the applied magnetic field increasing the overall magnetization
of the system. In addition, in the low-temperature range, the
magnetic moment density of Gd;FesO, is large due to the fact
that Gd has an atomic moment of 7.2 ug and orders at these
temperatures [23, 25]. This explains why the low temperature
— A Sy of the nanostructured Gds;Fes O is large and increases
rapidly with decreasing temperature. A similar trend has also
been observed in high-spin paramagnetic rare-earth fluorites
[29] and superparamagnetic nanoparticles [19], and agrees
fully with theoretical predictions of the temperature-dependent
— A Sy for superparamagnetic nanoparticles and nanoclusters
[31-33]. It has been shown that for superparamagnetic
nanoparticles with higher energy barriers (i.e. high blocking
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temperature), the blocked state is detrimental to achieving
large MCE [19]. Thus, in this case, a smaller —ASy; value
is expected for the 50 nm sample than for the 35 nm sample.

4. Conclusions

The MCE has been studied in bulk and nanostructured
GdsFesO;, materials. When compared with the bulk
counterpart, the magnitude of MCE is smaller for the 50 nm
samples, but increases when the grain size decreases to 35 nm.
For the bulk sample, the MCE curves show a peak near
~35K; this peak is found to shift to lower temperatures for
the nanostructured samples. The origin of the MCE peak
for the bulk sample is associated with the intrinsic magnetic
frustration effect and the sharp change in the magnetic ordering
of the Gd sublattice, while for nanostructured garnets it is
additionally ascribed to the surface spin disorder and blocking
effects. While blocking is detrimental to achieving large MCE,
surface spin disorder is found to enhance it under high applied
fields. These nanostructured garnets are potential candidate
materials for cryogenic MR applications.
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