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ABSTRACT

The ground state physical properties of Gd;xCexNis (x = 0; 0.2; 0.5; 0.8 and 1) melt-spun ribbons were investigated by X-ray diffraction, mag-
netization and specific heat measurements. The produced ribbon samples are single phases with the hexagonal CaCus-type crystal structure.
The magnetic transition temperature decreases with increasing Ce content. At a temperature around 100 K for the CeNis melt-spun ribbon,
the spin fluctuations effect is visible.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/9.0000277

I. INTRODUCTIONS

For more than five decades, rare earth intermetallic compounds
have been investigated and studied because of their interesting phys-
ical properties. All compounds from the RENis group (RE - rare-
earth) crystallize in a CaCus-type hexagonal crystal structure.! The
effect of the crystalline electric field (CEF) dominates in this series,
rather than exchange interactions, which are critical in materials
containing rare-earth ions. At low temperatures, the RENis com-
pounds are magnetically ordered, except for PrNis and CeNis. PrNis
is a Van Vleck paramagnet, and due to the CEF splitting, the ground
state of the lowest multiplet is a non-magnetic singlet separated
from the first excited magnetic states by a relatively broad energy
gap.” The CeNis is a Stoner enhanced paramagnet, and it is well-
known that, in this compound, the influence of spin fluctuations was
observed on its transport properties. This means that the tempera-
ture dependence of the magnetic susceptibility does not follow the
Curie-Weiss law but shows a wide maximum around 100 K. It was
observed that Ce is non-magnetic in CeNis. The above-mentioned

maximum at y(T) originates from the thermal smearing of the
d-electron density of states at the Fermi level, which is enhanced by
spin fluctuations,” and the Ce ions are still in a 4% valence state.
In these intermetallic compounds’ Ni is non-magnetic, but it is very
close to the onset of magnetism.” Moreover, GdNis is known as a
ferromagnetic compound with T, = 32 K.*” Some of the magnetic
and thermodynamic properties of (Ce,Gd)Nis have been studied.®
The present research was undertaken to fabricate Gd;.xCexNis (x
=0;0.2; 0.5; 0.8 and 1) melt-spun ribbons in order to experimentally
assess their ground-state magnetic properties.

Il. EXPERIMENTAL DETAILS

First, approximately 5 g ingots with the composition of
Gd;.xCexNis (x = 0; 0.2; 0.5; 0.8 and 1) were produced by arc-melting
from highly pure constituents (Ce 99.99 mass %, Gd 99.6 mass %
and Ni 99.999 mass %) in a stoichiometric ratio in a water-cooled
Cu-hearth under purified argon atmosphere. To ensure its good
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starting homogeneity, each one of the ingots was re-melted three
times; the final mass of the as-cast ingot coincided with the start-
ing one. The losses during sample preparation were present but very
small, around 0.6%, to conclude that we could make a very good
synthesis. These samples were obtained in the form of melt-spun rib-
bons flakes under a highly pure He atmosphere at a linear speed of
the rotating copper wheel of 25 m/s in an Edmund Biihler model SC
melt spinner system.

The X-ray diffraction (XRD) pattern of finely powdered melt-
spun ribbons was recorded between 20° and 100° with a 26 incre-
ment of 0.02° in a high-resolution Brucker D8 Advance diffrac-
tometer with a wavelength of 0.154 18 nm corresponding to Cu K«
radiation. A dual-beam scanning electron microscope (SEM) Tes-
can Vega 3 XMU was used to obtain secondary electron images of
the microstructure, and the system was equipped with an energy
dispersive spectroscopy (EDS) detector.

The magnetic measurements were carried out using a 9 T
Quantum Design Dynacool® Physical Property Measurement Sys-
tem (PPMS) using the vibrating sample magnetometer option. Mea-
surements were done on a needle-like ribbon samples applying the
external magnetic field through the central length of ribbon axis
(coincident with the rolling direction) to reduce the effect of the
internal demagnetizing field. The temperature dependences of the

ARTICLE scitation.org/journall/adv

magnetization, the M(T) curves, were measured under static mag-
netic fields with a sweeping rate of 2 K/min. The specific heat, C,,
was measured as a function of temperature using the heat capac-
ity module of a Quantum Design Evercool-I® PPMS® system; this
option measures the thermal response of a small thin sample using a
thermal-relaxation calorimeter.

lll. RESULTS AND DISCUSSION

Fig. 1(a)-(c) shows the experimental X-ray powder diffraction
patterns for some chosen examples and their Rietveld refinements
achieved with the FULLPROF suite package.” The figure shows
that all the Bragg diffraction reflections were correctly identified
and indexed based on the hexagonal CaCus crystal structure (space
group P6/mmm), and the Vegard law can be applied. The deter-
mined lattice parameters are reasonably in agreement with the
reported ones in the literature for the bulk alloys located at both
ends of the series.® Thus, the employed processing technique sim-
plifies the fabrication procedure in the sense that it circumvents the
long-term high-temperature thermal annealing usually used to pro-
duce single-phase alloys prepared by a conventional melting process,
which agrees with the SEM observations.
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FIG. 1. (a)-(c) Experimental data and Rietveld refinement of the room temperature X-ray powder diffraction patterns of GdxCexNis (x = 0; 0.2; 0.5; 0.8 and 1) melt-spun

ribbons. (d) Evolution of the obtained cell parameters in comparison with Vegard's law.

AIP Advances 12, 035226 (2022); doi: 10.1063/9.0000277
© Author(s) 2022

12, 035226-2


https://scitation.org/journal/adv

AIP Advances

Gdy 5Ceq,5Nis

GdNi g - \\
5 E] |
S
—-—2ZFC—+—FCB=001T 2
4-ZFC-v FCB=01T 3 * _
+ ZFC—<—FC B=1T . Te=318K
. ZFC
Temperature (K]
6,=-1581K
| ma=7s2ptu
s
3
s
2
o

Temperature {K)

100
Temperature [K]

1.2
<
| Gdg 2Ceg gNis <
1.0 E
e ZFC -+ FCB=001T E
| —4—ZFC -+ FCB=01T A
+-2FC—<+—FCB=1T
0.8 * ZFC
3 .| 0,=-4577K ot
3 0.6 = | n, =438y /fu
s | =]
kS
0.4 27
=
4 . ZFC
Curie-Weiss fit
024 S m m m = =
\ﬂvpemmm[i(]
0.04 —_—
T T Y
0 20 40 60
Temperature [K]

ARTICLE scitation.org/journall/adv

FIG. 2. (a)-(b) SEM micrographs show-
ing the typical microstructure of ribbons.
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FIG. 3. (a)-(b) Temperature dependence of the magnetization at low- and high magnetic fields for GdNis and Gdg »Ceq gNis samples. The inset (up) shows the dM/dT with the
calculation of T¢. The inset (down) shows the inverse of the magnetic susceptibility fitted to a Curie-Weiss law. (c) Temperature dependence of the ZFC-FC magnetization
at two different applied magnetic fields for CeNis, where a maximum (~100 K), connected with spin fluctuations effect is visible. (d) Characteristic behavior of the magnetic
field dependence at very low temperatures of the magnetization for the whole studied series of ribbons.
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TABLE I. Summary of the experimental values determined for Gdq_,CexNis (x
= 0; 0.2; 0.5; 0.8 and 1): the transition temperature T, the paramagnetic Curie
temperature 6p, the effective moment 4 and the Sommerfeld coefficient y.

X x=0 x=02 x=05 x=0.38 x=1

T, [K] 31 29 15.5 4.7 no observed
Op [K] -15.81 38.5 -5.36 -45.77 -199.55
pop lus/fu]  7.52 7.03 4.57 4.38 3.52

Yor 32 30 16 9 no calculated

The typical SEM micrographs of the cross-section (fractured
morphology), wheel surface of the synthesized quenched ribbons
is shown in Fig. 2(a)-(b) for some chosen examples, GdgsCeosNis
and Gdo»CeoNis, of this series. Ribbons are polycrystalline and
very fragile, with an average thickness of ~15 ym. At the ribbon
surface that makes contact with the Cu wheel during the fabrica-
tion, the much faster cooling rate forms a thin layer of the texture
layer.

The peaks grow through that thicker region whose longer axis
tends to be aligned perpendicular to the ribbon surface (i.e., along
the thermal gradient during solidification). If true that the pre-
ferred grain orientation is far from being perfect, it is a signature
of some crystallographic texture in the synthesized ribbon samples.
The fractured cross-section of many ribbon samples was observed,
confirming this regularity. From more than 10 EDS spectra (not
shown) collected from the ribbons surface, it was determined that
within the experimental error (0.2 at. %), the elemental chemical
composition of the prepared ribbons is close enough to the nominal
one.

The temperature dependence of the magnetization at low- and
high magnetic fields is presented in Fig. 3(a)-(b) again for some
selected representatives’ compounds. The low magnetic field curves
for both samples, resp. for all compounds except CeNis unveil that
the materials undergo a single well-defined magnetic order phase

ARTICLE scitation.org/journall/adv

transition. The Curie temperature T, was obtained from the mini-
mum of the first derivative of the M(T) curve (displayed in the inset
on the top) in the phase transition region. The second insets dis-
play a Curie-Weiss fits in the high-temperature range. The effective
paramagnetic moments y.; and the paramagnetic Curie tempera-
tures 0p obtained from the Curie-Weiss fits are presented in Table 1.
These results show that, with the increase of the Ce content T, and
Uefr decrease.

Another situation is described in Fig. 3 (c) where the M(T)
curve is plotted for CeNis. A broad maximum of around 100 K
followed by an increase of susceptibility at a lower temperature,
is evident for both the low and high applied magnetic fields. The
interpretation is double: some authors are inclined to believe that
these tails at lower temperatures are intrinsic as signs to be on the
verge of ferromagnetism,m’ll and on the other hand, it is known
that even a small concentration of magnetic impurities can cause
such an upturn. Previous experimental studies on a bulk sample of
CeNis"'* do not show any sign of low-temperature upturns in the
susceptibility measurements, whereas a slight upturn is evident in
Fig. 3 (c). This fact is an indication that the observed effects are
not intrinsic but due to ferromagnetic impurities.'" However, they
are connected with the spin fluctuations effect, which agrees with
the authors’ explanation in Ref. 13. The isothermal magnetization
as a function of the applied magnetic field, at T = 6 K, is plotted in
Fig. 3 (d). The Ce*" ion has a smaller contribution to the total mag-
netization than Gd>*. Due to the sample preparation process, the
anisotropy is lower in general for ribbons.*”

The specific heat analysis is plotted in Fig. 4(a) for the
Gdo5CepsNis compound as an example of the studied series. The
measurements show typical metallic behavior, and in a high tem-
perature range, they follow Dulong-Petit law for all samples. The
corresponding calculation of the phonon contribution and 4f con-
tributions (Cys) to the heat capacity is also presented, and the same
analysis was done for all samples. At zero applied magnetic field,
Cy is dominated by a A-like anomaly at T. = 15.5 K. From the

C(T)/Tvs T? dependences (not shown), the electronic Sommerfeld y
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FIG. 4. (a) C,(T) measured and calculated contributions to the total specific heat for Gdg 5Ceq5Nis. (b) Low-temperature detail of the specific heat for all compositions with

no applied magnetic field, where the transition temperatures are more visible.
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coefficient was determined, and it is reported in Table I. The mag-
netic contribution is significant at zero applied magnetic field, so the
data at the applied magnetic field of 9 T were used for this purpose.

Moreover, there is not a heavy-fermion behavior in this system.
The temperature behavior of all the studied ribbon samples is com-
pared in Fig. 4(b). It is evident that, increasing the Ce content, the
position of low-temperature anomaly decreases. As it was expected,
CeNis has no magnetic ordering down to very low temperatures. The
conclusion is that the substitution of Gd with Ce tends to suppress
magnetic ordering.

IV. CONCLUSIONS

To sum up, we have evidence that through the melt-spinning
technique, we were able to produce single phase melt-spun ribbons
with the CaCus-type hexagonal crystal structure of the Gd;—xCexNis
(x=0,0.2,0.5, 0.8 and 1) series, with similar structural and magnetic
properties than the corresponding bulk polycrystalline compounds.
The effect of Ce doping is to suppress the magnetic transition,
and CeNis is distinguished by the spin fluctuations effect observed
around 100 K. So, in the future will be worth to calculate the magne-
tocaloric effect. In order to determine more precisely the Sommer-
feld coefficients without being affected by the magnetic contribution,
it is necessary to measure the heat capacity below 2 K.
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