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Microstructure and thermomagnetic properties of the as-quenched Gdr5Ge15SisPrs (wt.%) alloy are studied.
Multiphase composition of the investigated sample was confirmed by microstructural as well as magnetic investi-
gations. The presence of the GdgsGe1sSiyPr7 and GdzsGe14SisPrs regions with different atom concentration was
confirmed by SEM/EDS analysis and temperature dependence of magnetic mass susceptibility. From DC mag-
netic measurements of magnetization versus temperature performed in zero-field /field cooled modes, and magnetic
mass susceptibility investigations the Curie temperature (283 K and 278 K, respectively) and magnetic behavior
were studied. Moreover, the structural investigations were performed as temperature dependence of specific heat

capacity.
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1. Introduction

Gadolinium, lanthanum and other Rare Earth based
materials are very interesting because show good mag-
netic properties and exhibit large magnetocaloric effect
(MCE) [1-2]. Therefore, these alloys are intensively stud-
ied during the recent years [3-5]. Magnetic materials
with the Curie point close to the room temperature are
essential for potential applications in cooling technol-
ogy [6-7]. MCE materials that are used in refrigeration
promise energy saving as well as application of environ-
mentally friendly technology.

In this paper, the microstructure, topography,
structural changes and magnetic properties of the
Gd75Gey55i5Prs (wt.%) alloy are studied in wide range
of temperatures and magnetic field.

2. Experimental procedure

As-quenched sample with a nominal composition of
Gd75Gey55i5Prs (wt.%) was prepared by an arc melter
(Edmund Biihler GmbH) as ingot (about 10 g) on Cu
water cooled plate under protective Ar atmosphere. Ma-
terial was re-melted 10 times to guarantee homogeneous
structure. Microstructure of the sample was analysed
by Scanning Electron Microscopy equipped with Energy
Dispersive X-ray Spectroscopy (SEM/EDS — Quanta
250, FEI). Temperature dependence of magnetization (in
zero-field cooled (ZFC) and field cooled (FC) modes),
DC hysteresis loops and AC magnetic mass susceptibil-
ity were recorded by VersaLab and Physical Properties
Measurement Systems (Quantum Design). All magnetic
investigations were performed in the temperature range
50400 K and external magnetic field up to 3 T.
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3. Results and discussion

Figure 1 shows topography of the Gd75Ge;5Si5Prs
alloy observed by SEM equipped with secondary elec-
tron (SE) and backscattered electron (BSE) detectors.
The SEM (SE) topography of the investigated alloy
is typical for Gd-Ge-Si alloys. From BSE data it is
seen that distribution of atoms in the investigated al-
loy is almost uniform, however some area with different
atoms concentration were discovered in the analysed re-
gion. The results of chemical composition changes in
the Gdr75Gey5Si5Prs alloy performed with help of EDS
detector are visible in Table 1. During the production
process of the investigated material, the irregular regions
with different content of Gd-Ge-Si-Pr were created. Two
different regions with Gd-low (GdggGe15SizPr7) and Gd-
high (Gd7¢Ge14Si5Prs5) content were observed. The vol-
ume fraction of these regions are 43% and 57%, respec-
tively. However, from EDS mapping analysis it was seen
that chemical composition of produced material was not
changed during re-melting process.

TABLE I
Chemical composition of the regions in the
Gd75Geis5SisPrs  alloy obtained from SEM/EDS
investigations.
Chemical Volume
S le |wt.
ample [wt.%] composition [wt.%| | fraction [%]
As-quenched GdgsGe1gSizPry 43
Gd75G615Si5Pr5 Gd76G614Si5PI‘5 57

It is well known that microstructure of the sample af-
fects magnetic properties. Therefore, thermomagnetic
properties of produced alloy were analysed in wide range
of temperature and external magnetic field. Tempera-
ture behaviour of magnetization measured in ZFC and
FC modes at the external magnetic field of 0.05, 0.1
and 1 T for the Gd75Ge;5Si5Prs alloy is depicted in
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Fig. 1.

SE (upper) and BSE (lower) SEM topographies
of the as-quenched Gd7sGe15SisPrs alloy.

Fig. 1. It is seen that transformation from ferromag-
netic to paramagnetic state close to the room tempera-
ture takes place. The Curie point T of produced ma-
terial, calculated as derivative dM/dT performed for
M(T) curve taken at ZFC mode at external magnetic
field of 0.05 T equals to 283 K, which is almost the same
as for the Gd75Ge5Si5Ce;s alloy [8]. Above this tempera-
ture the material demonstrates paramagnetic behaviour.
It is noteworthy that the magnetization curve recorded
in ZFC and FC modes at the same external magnetic
field shows identical character. Moreover, magnetization
recorded at external magnetic field of 0.05 and 0.1 T
slightly increases with temperature before the maximum
value is reached and then suddenly drops down at the
vicinity of T¢. For the sample measured at magnetic field
woH = 1T, which is almost enough to saturate material,
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Fig. 2. Temperature dependence of magnetization for

the Gd75Ge15Si5Prs alloy recorded in zero-field cooled
(upper figure) and field cooled (lower figure) modes at
the external magnetic field of 0.05, 0.1, and 1 T.
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Fig. 3. DC hysteresis loops M (H) for the as-quenched
Gd75Ge15Si5Prs alloy measured at the indicated tem-
peratures.

the typical M(T) behavior characteristic for Heisenberg
ferromagnets was observed.

Comparison of magnetic behavior of the as-quenched
Gdr5Gey5Si5Prs alloy at different temperatures (below
and above the Curie point) by the help of hysteresis loops
is shown in Fig. 3. As it can be seen from this figure
the higher values of magnetization were measured at the
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lower values of temperature of measurement at the same
external magnetic field. These results are in good agree-
ment with data presented in Fig. 2. The coercive field for
the investigated sample measured below the Curie point
was less than 2.5 mT. Moreover, M (H )curve recorded for
the investigated sample at temperature of 325 K shows a
linear dependence, which is distinctive for paramagnetic
materials.
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Fig. 4. Temperature dependence of AC magnetic mass
susceptibility for the GdrsGe15S5i5Prs alloy traced for
the same frequency of 10 Hz at zero field (upper fig-
ure) and external magnetic field poH = 1 T (lower fig-
ure), with AC amplitude of excitation magnetic field of
0.25 mT and 0.5 mT.

To verify the Curie point and presence of magnetic re-
gions with different atoms concentration, discovered by
SEM/EDS, in the as-quenched Gdr5Ge15Si5Pr5 alloy the
most sensitive technique of AC magnetic mass suscepti-
bility measurements were adopted. The temperature de-
pendence of AC magnetic mass susceptibility (xac) at
different values of DC external magnetic field traced for
excitation AC magnetic field (Hez.) of 0.25 and 0.5 mT
is presented in Fig. 4. It is well seen that the investi-
gated material shows different temperature behaviour of
XAc at zero external magnetic field (Fig. 4 upper figure)
and poH =1 T (lower figure), which is characteristic for
non-single phase sample.

For the measurement performed at zero external mag-
netic field xac increases with temperature to its higher
value and then suddenly drops down in the vicinity of

Curie point. Moreover, with increasing excitation AC
magnetic field from 0.25 mT to 0.5 mT the higher val-
ues of AC magnetic mass susceptibility were measured
for both zero and 1 T external magnetic field, as it is
seen in Fig. 4. The Curie point calculated from x4c(T)
for Hepe = 0.25 mT at zero field equals 278 K. The con-
tribution of magnetic regions present in the investigated
sample is well visible on Fig. 4 (lower figure). The addi-
tional low intensity component with maximum at 288 K
is clearly seen during measurement at external magnetic
field of 1 T. It is also worth noting, that for the inves-
tigated material AC magnetic mass susceptibility does
not depend on frequency of measurement in the range
10 Hz—-10 kHz.

Figure 5 shows temperature dependence of zero field
specific sample heat capacity (H¢) related to 1 mol
of Gd for the as-quenched Gd75Geq5SisPrs alloy. The
investigated sample shows a wide visible maximum in
curve in the temperature range 220-274 K, related to
two overlapped curves corresponding to GdggGegSizPry
and GdrgGeq4Si5Prs with different critical temperatures.
The maximum value of the specific sample heat capac-
ity recorded in the temperature 220-274 K equals to
76.93 J/(mol K) (at about 272 K). The structural trans-
formation i.e. decreasing in H¢ is visible at about 275 K,
which is close to the magnetic transformation described
by Curie point.
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Fig. 5. Zero field specific sample heat capacity (Hc)
related to 1 mol of Gd versus temperature for the as-
quenched Gdr5Gei5Si5Prs alloy.

4. Conclusions

The as-quenched Gd75Ge;5SisPrs (wt.%) alloy shows
the presence of two different GdggGe1gSizPr; and
Gdr76Ge14Si5Prs regions. The Curie point calculated
from temperature dependence of magnetization at exter-
nal magnetic field of 0.05 T equals to 283 K, whereas T¢
calculated from zero field AC magnetic mass susceptibil-
ity equals to 278 K. The difference in T¢ results from
the fact that both measurements were performed under
different conditions i.e. M(T) curve was recorded at ex-
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ternal magnetic field of 0.05 T, whereas yac(T') depen-
dence was traced for H.;. = 0.25 mT at zero external
magnetic field. Multiphase magnetic nature of the inves-
tigated material was also confirmed by additional peaks
on x ac(T) curve traced at external magnetic field of 1 T.
The zero field specific sample heat capacity shows wide
spectrum with maximum at about 272 K.

(1]
2]

References

V.K. Pecharsky, K.A. Gschneidner, Jr., Appl. Phys.

Lett. 70, 32109 (11097).

B.G. Shen, J.R. Sun, F.X. Hu, H.W. Zhang, Z.H.

Cheng, Adv. Mater. 21, 4545 (2009).

3]
(4]
(5]
(6]
(7]
(8]

M.H. Phan, S.C.Yu, J. Magn. Magn. Mater. 308,
325 (2007).

N. Pierunek, Z. Sniadecki, J. Marcin, I. Skorvanek,
B. Idzikowski, [EEE Trans Magn. 50, 2506603
(2014).

P. Gebara, Rare Met. 1-7 (2017).
E. Briick, J. Phys. D: Appl. Phys. 38, R381 (2005).

K.A. Gschneidner Jr, V.K. Pecharsky,
J. Refrigerat. 31, 945 (2008).

M. Hasiak, Phys. Stat. Sol. A 213, 1130 (2016).

Internat.


http://dx.doi.org/10.1063/1.119206
http://dx.doi.org/10.1063/1.119206
http://dx.doi.org/10.1002/adma.200901072
http://dx.doi.org/10.1016/j.jmmm.2006.07.025
http://dx.doi.org/10.1016/j.jmmm.2006.07.025
http://dx.doi.org/10.1109/TMAG.2014.2318595
http://dx.doi.org/10.1109/TMAG.2014.2318595
http://dx.doi.org/10.1007/s12598-017-0917-6
http://dx.doi.org/10.1088/0022-3727/38/23/R01
http://dx.doi.org/10.1016/j.ijrefrig.2008.01.004
http://dx.doi.org/10.1016/j.ijrefrig.2008.01.004
http://dx.doi.org/10.1002/pssa.201532812

