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The preparation of materials with enhanced magnetocaloric properties is crucial for magnetic refrigeration. In this
study, Nd-doped GdsSi4 microparticles and nanomaterials were synthesized using the reduction—diffusion method. The
impact of Nd doping with varying compositions on the structure and entropy change properties of the materials was investi-
gated. The Curie temperatures of both the micron- and nano-sized materials ranged from 190 K to 210 K, which were lower
than previously reported values. Micron-sized samples doped with 1% Nd exhibited superior magnetocaloric properties,
demonstrating a maximum entropy change of 4.98 J-kg~!-K~! at 5 T, with an entropy change exceeding 4 J-kg~!-K~!
over a wide temperature range of approximately 70 K. Conversely, the nanomaterials had broader entropy change peaks but
lower values. All samples exhibited a second-order phase transition, as confirmed by the Arrott plots.

Keywords: magnetocaloric, GdsSis, Nd doping, reduction—diffusion method

PACS: 75.30.Sg

1. Introduction

High-performance magnetocaloric materials for magnetic
refrigeration offer potential solutions to the environmental im-
pact caused by current refrigeration technology. However,
challenges remain for magnetic refrigeration materials, includ-
ing limited selection, narrow temperature intervals for entropy
changes, small entropy changes, low saturation magnetiza-
tion strengths, and inappropriate Curie temperatures. Their
capabilities do not fulfill the requirements for technological
advancement.!!'=! Thus, the development of magnetic materi-
als with high magnetocaloric transformation efficiencies, wide
entropy change intervals, suitable Curie temperatures, high
purities, and good reproducibility remains a challenge.®-10]
Alloyed materials with first-order magnetic phase transitions,
such as Gds(Si,Ge|_,)4, LaFe 4511 ¢, MnFePg 45As( 55, and
MnAs;_,Sb,, often exhibit significant magnetic entropy tran-
sition peaks. However, thermal and magnetic hystereses limit
the cooling effects of these materials and restrict their opera-
tion to a narrow temperature range. For the Gds(Si,Ge|_y)4
system, the phase transition becomes a second-order transi-
tion, with the ferromagnetic to paramagnetic transition oc-
curring for x values greater than 0.5, thereby avoiding ther-
mal hysteresis.!!"'?l Consequently, this study focused on the
Gds5Siy system, which is known for its relatively large entropy
change.[!3-18] The half-full 4f orbitals of the rare earth element
Gd result in a large theoretical magnetic moment, leading to an
enhanced magnetocaloric effect.!'°23 Metal ion substitution
is a common method for enhancing the magnetic properties of
Gds(Si,Ge;_,)4 materials.!?*=% Doping with Nd can induce
charge transfer of 5d electrons from Gd to Nd, thereby enhanc-
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ing the magnetization response of the substituted compounds

[26] Consequently, this study utilized Nd

to low magnetic fields.
doping to improve the magnetocaloric properties of GdsSiy al-
loy. The reduction—diffusion method, commonly employed in
the production of permanent magnets, was adopted to explore
novel preparation processes for GdsSi4 alloys. Additionally,
the samples were ball-milled into nanocrystals to leverage the
benefits of nanosizing, including a broader temperature range

for entropy change.[3!]

2. Experiments

(Gd_4Ndy)5Sis (x = 0.01-0.025) alloy samples were
created using the reduction—diffusion method. High-purity
Gd;03 powder (> 99.99% by mass), calcium particles (> 99%
by mass), silicon powder (> 99.99% by mass), and Nd,O3
powder (> 99.99% by mass) were purchased from GRINM
Advanced Materials Co., Ltd. (China) and were mixed in pro-
portions outlined in Table 1, where the proportion of Si ex-
ceeded the chemical ratio by 35%.

Table 1. Proportions of raw materials.

Doped Nd ratio (%) Gdy03 (g) Ca(g) Si(g) Nd,03 (g)
1.0 17.944 9.018 3.033 0.168
1.5 17.853 9.018 3.033 0.252
2.0 17.762 9.018 3.033 0.337
2.5 17.672 9.018 3.033 0.421

The raw materials were mixed in a blending tank to
achieve full homogeneity and then compressed into disks at
40 MPa. Subsequently, the disks were placed in a vacuum at-
mosphere furnace, where they underwent a reaction at 850 °C

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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for 7 h, followed by a 1.5 h hold at 1200 °C, and finally
cooled to room temperature naturally. The crushed samples
were sieved through a 100-mesh sieve to obtain micron-sized
powders. Pure Nd-doped GdsSi4 micron-sized powders were
obtained by washing the samples with acid, water, ethanol, and
acetone. The samples were labeled N1, N1.5, N2, and N2.5,
respectively. The micron-scale materials were subjected to
10 h planetary ball milling with water as the milling medium to
ensure a thorough breakdown and to obtain nanosized crystal
particles. The ball-milled samples were named N1M, N1.5M,
N2M, and N2.5M, respectively.

The crystal structures of the magnetic powders were de-
termined using x-ray diffraction (XRD) with a Cu Ko source
(Rigaku Ultima IV). The surfaces and compositions of the
samples were analyzed using scanning electron microscopy
(SEM; TESCAN MIRA 3) and energy dispersive spectrom-
etry (EDS). The proportion of Ca was determined using in-
ductively coupled plasma-optical emission spectrometry (ICP-
OES; Plasma Quant PQ9000). The morphologies and crystal
structures of the ball-milled samples were characterized using
transmission electron microscopy (TEM; FEI Talos F200 C).
The field cooling (FC) curves (100 Oe; 10-340 K; 3 K-min~ 1)
for the magnetization of the samples and the isothermal M-H
curves (50 kOe; 150-250 K) were measured using a super-
conducting quantum interference device (SQUID, Quantum
Design) to determine the Curie temperatures (7¢), saturation
magnetization (M), and isothermal entropy changes (—AS) of

the samples.[?>-27]

3. Results and discussion
3.1. Phase analyses

Figure 1(a) presents the XRD patterns of the N1, N1.5,
N2, and N2.5 samples compared with the standard JCPDS
card (No. 79-1642). No impurity peaks were observed in the
samples doped with different amounts of Nd, and all diffrac-
tion peaks were sharp and intense, indicating the high crys-
tallinity of the prepared samples.

The XRD patterns of the N1M, N1.5M, N2M, and N2.5M
samples are illustrated in Fig. 1(b). GdSi impurity peaks were
detected in the post-ball-milled samples, with GdsSi3 impu-
rities precipitating from the N1.5M sample. Ball milling was
shown to cause significant disruption to the crystal structure
of the samples due to the high-energy impact. However, the
main phase of Gds;Sis was still maintained in the samples. The
broadening of the diffraction peaks can be attributed to vari-
ous factors, such as the reduction in grain size,!'82%3% Jattice
strain, and lattice defects. Assuming that the reduction in grain
size was the main factor, the nanoparticle sizes were estimated
using the Scherrer formula

Ky
D:
BcosO’

ey

where K is the Scherrer constant (K = 0.89 if B is the full
width at half maximum of the diffraction peak), D is the av-
erage thickness of the grain perpendicular to the crystal plane
direction, B is the measured sample diffraction peak width at
half height (radian), 0 is the Bragg angle (angle), and ¥ is the
x-ray wavelength (generally 1.54056 A). The grain sizes are
presented in Table 2, indicating successful nanosizing of the
samples through ball milling.
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Fig. 1. (a) XRD patterns of N1, N1.5, N2, and N2.5; (b) XRD patterns of
NIM, N1.5M, N2M, and N2.5M.

Table 2. Grain sizes of the ball-milled samples estimated using
the Scherrer formula.

Sample B(°) 26 (°) D (nm)
NIM 0.264 32.144 35
NI1.5M 0.204 32.071 45
N2M 0.240 32.002 39
N2.5M 0.181 32.173 51

3.2. Morphological analyses

Figure 2 shows the SEM images and EDS elemental anal-
yses of the N2.5 sample. The images revealed that the parti-
cles ranged in size from 1 um to 5 wm, with most exhibit-
ing porous structures and a few displaying layered structures,
making them prone to breakage.

The EDS analysis indicated that the Gd and Si propor-
tions generally met the requirements, whereas the Nd propor-
tion was not accurately determined using this method. Addi-
tionally, the washed samples still contained Ca (~ 8% based
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on the EDS measurement; ~ 15% based on the ICP-OES mea-
surement) owing to difficulties in completely removing Ca
from the crystal lattice during the experimental preparation
process. The EDS scan image revealed a uniform distribution
of Ca without any signs of aggregation, suggesting that Ca
was incorporated into the lattice rather than existing as CaO.
When Ca atoms were substituted into the lattice, they altered
the lattice dimensions, which was evident in the XRD pattern
by a shift in the diffraction peaks without the emergence of
new impurity phases. For the N1 sample, the main peak (231)
of the GdsSi4 phase was observed at 20 = 32.144°, slightly
deviating from the standard JCPDS card value of 32.228°.

-4

1 pm

Fig. 2. (a)—(c) SEM images of the N2.5 sample; (d) EDS scan and com-
position ratio of (c).

20 nm 51/ nm

(c) (d)

Fig. 3. (a) TEM images, (b) EDP image, and (c) HRTEM image of the
N2M sample. (d) Fast Fourier transform image of (c).

The samples obtained through ball milling were exam-
ined using TEM and HRTEM to assess their level of crystal-
lization. As illustrated in Fig. 3, the individual particles were
relatively small, measuring approximately 40 nm, which was

consistent with the result calculated using the Scherrer for-
mula. Both the EDP and HRTEM images demonstrated a high
degree of crystallization in the sample.

3.3. Phase transition characteristics

Figure 4 shows the FC curves of the samples. The phase
transition temperatures of the four samples occurred within a
wide range of 170-230 K, leading to a significant decrease in
magnetic properties. The FC curves of N1M, N1.5M, N2M,
and N2.5M indicated noticeable reductions in magnetization
after ball milling, particularly in the samples with higher Nd
contents.

With increased Nd doping, the lattice stability decreased,
resulting in more severe damage to the crystal structures af-
ter ball milling. The GdSi and GdsSi3 impurity phases that
emerged after ball milling were antiferromagnetic with Néel
temperatures of 55 K.3%33] They contributed negligibly to the
magnetic moment under an external magnetic field of 100 Oe.
Nevertheless, the phase transition range remained relatively
consistent, ranging from 170 K to 230 K. The Curie tempera-
tures of the samples were determined by identifying the peak
positions of the dM/dT curves, and they are listed in Ta-
ble 3. These Curie temperatures, approximately 200 K, were
significantly lower than the reported values for GdsSiq bulk
(~ 336 K**) and micropowders (~ 320 K!'81). This deviation
could be attributed to the presence of nonmagnetic Ca ions in
the lattice, which disrupted the RKKY exchange interactions
among the magnetic Gd ions.

Table 3. Curie temperatures of the samples.

Sample Curie temperature (K)
N1 202
NIM 209
N1.5 194
N1.5M 210
N2 201
N2M 204
N2.5 202
N2.5M 203

It can be observed in Fig. 4 that the temperature range ex-
hibiting the most significant changes in the magnetic proper-
ties of the samples was 150-250 K. Subsequently, the isother-
mal magnetization curves were measured, and the entropy
changes in this range were calculated.

3.4. Analyses of the entropy changes

The N1, NIM, N2, and N2M samples were chosen for
isothermal magnetization testing on account of their more sta-
ble magnetic performance and fewer impurities observed in
the XRD patterns.

Figures 5(a) and 5(c) demonstrate that the magnetization

1

of the N1 sample reached approximately 130 emu-g~" at a
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temperature of 150 K under a magnetic field of 5 T. Fol-
lowing 10 h of ball milling, although the magnetism of the
N1M sample decreased, it still reached 60 emu- g’1
same conditions, indicating that the magnetization of the ball-

under the

milled sample remained favorable. As shown in Figs. 5(b)
and 5(d), the magnetization of the N2 sample was approxi-

mately 115 emu-g~!

at a temperature of 150 K under a mag-
netic field of 5 T. In contrast, the magnetization decreased
with increased Nd doping, which was consistent with the FC
curves. The magnetization of the N2M sample decreased to

nearly 20 emu-g !

under the same conditions, demonstrating
both inferior magnetism and stability.

Based on a series of isothermal magnetization curves, the
—AS values of the samples were calculated using Maxwell’s

relation[!5-3%]

H (oM
AS(T,H) = S(T,H) — S(T,0) = o /O (aT> dH. (2)
H

In practice, a numerical integration is performed using the fol-
lowing formula:
M; — M

——0H.

3
T —T )

AS(T,H) = 1o Y.
14
Plots of —AS versus temperature (—AS vs. T) were obtained
for the samples with an applied magnetic field of 0-5 T. The
results are shown in Fig. 6.115-23-27]

Figure 6 presents the —AS vs. T curves and 3D render-
ings of the N1 and N2 samples. The curves exhibited sim-
ilar changes at different magnetic field strengths, showing a
wide temperature range for high —AS. The —AS values of both
samples initially increased and then decreased with increasing
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temperature under the same applied magnetic field. The N1
sample reached a maximum —AS value of 4.98 J-.kg~!-.K~!
at approximately 207 K, whereas the N2 sample reached a
maximum value of 4.11 J-.kg~!-K~! at a lower temperature
of approximately 194 K, which was attributed to the increase
in the Nd component. Compared to bulk GdsSis,!'! the N1
sample exhibited a slightly lower peak value of —AS than the
6.94 J.)kg~!-K~! of the bulk material, although the peak of
the —AS was broader. The temperature at which the —AS re-
mained above 4 J-kg~!-K~! was approximately 70 K for the
N1 sample and approximately 60 K for the bulk material. The
broadening of the —AS peaks may have been attributed to the
presence of Ca ions in the samples, leading to inhomogeneous
defects and pinning centers that resulted in variations in the
phase transition temperatures. Notably, the —AS values of
these samples were comparable to those of Gd;Sis powders
produced by the melting method, '8! although the —AS peaks
were even broader.

The —AS vs. T curves and 3D renderings of the ball-
milled N1M and N2M samples are presented in Fig. 7. The
figure indicates that the magnetic entropy peaks of the samples
were broader than those of the unmilled samples, whereas the
—AS values were generally lower. The N1M and N2M sam-
ples exhibited maximum —AS values of approximately 200 K,
with values of 1.93 J-kg~!-K~! and 0.51 J-.kg~!-K~!, respec-
tively. The —AS value of the N2M sample was slightly greater
in the low-temperature region under a high magnetic field.
These observations, in conjunction with the FC curves, were
attributed to the presence of superparamagnetic nanoparticles
in the N2M sample.
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Fig. 4. FC curves of the samples with applied magnetic fields of 100 Oe. (a) N1 and N1M, (b) N1.5 and N1.5M, (c) N2 and N2M,

and (d) N2.5 and N2.5M.
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Fig. 5. The M—H curves of the (a) N1, (b) N2, (c) NIM, and (d) N2M samples at different temperatures.
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3.5. Analysis of the phase transition

To analyze whether the phase transition type of the sam-
ples was affected by Nd doping and residual Ca atoms, Ar-
rott plots!*¢! were created (Fig. 8): M? versus B/M calculated
from the isothermal magnetization M (H) curves.

For all samples, the Arrott plots exhibited positive slopes.
The upper sections of the Arrott plots for the N1 and N2
samples demonstrated the expected linear dependence for a
second-order phase transition,*’! suggesting that the phase
transition type of the samples was unaffected by the presence
of Nd and Ca atoms. The nonlinear deviations at low fields
may be attributed to inhomogeneities.*®! The Arrott plots of
the N1M and N2M samples displayed similar trends at low
and medium fields; however, they showed nonlinear devia-
tions at high fields, particularly for the N2M sample, indicat-
ing the presence of higher-order terms or varying coefficients
of the M? term in the Landau free energy expansion. These
deviations may have been caused by the emergence of im-
purity phases and superparamagnetic nanoparticles following
ball milling.

4. Conclusion and perspectives

Nd-doped GdsSi4 micromaterials and nanomaterials with
high magnetothermal conversion efficiencies, wide entropy
change intervals, and high phase purities were prepared us-
ing the reduction—diffusion method. The Curie temperatures
of these micromaterials and nanomaterials were significantly
reduced and generally ranged between 190 K and 210 K. The
micromaterials doped with 1% Nd exhibited superior magne-
tocaloric properties. The magnetization was 129.79 emu-g~!
at 150 K and 5 T. The maximum value of —AS reached ap-
proximately 4.98 J-kg~'-K~! at approximately 207 K under
5 T and exceeded 4 J-kg~!-K~! in the temperature range of
approximately 70 K (150-220 K). The corresponding nano-
materials exhibited broader entropy change peaks, albeit with
lower values. According to the Arrott plots, all samples exhib-
ited second-order phase transitions. These results demonstrate
the potential of Nd-doped GdsSis materials prepared via the
reduction—diffusion method as magnetic refrigeration materi-
als. Furthermore, the results suggest that the proposed method
may be a promising approach for the synthesis of GdsSis se-

ries alloys.
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