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This work reports the existence of the new rare-earth intermetallic compound GdzCoy,,Nij_y (with x = 0.1,
0.2, 0.3, and 0.4) and the investigation of its crystallographic, magnetic, and magnetocaloric properties.
GdszCop44Niz_x is @ novel solid solution phase that crystallizes in the orthorhombic YzCo,-type structure
[oP20, Pnmm (no. 58)]. It constitutes the first representative of a compound crystallizing in this structural
prototype. The research also includes an analysis of the critical behavior associated with the second-order
phase transition from a paramagnetic to a ferromagnetic state (PM—-FM) detected in the compound. This
analysis indicates that short-range order isotropic magnetic interactions are present, consistent with the 3D
Heisenberg model. Increasing the Co content leads to a higher Curie temperature (T¢), thus, shifting the
peak of the magnetic entropy change, while maintaining the overall physical properties. This demonstrates
the potential of tuning the working temperature region by modifying the Co/Ni concentration without
negatively affecting the magnetocaloric properties. For uoAH = 5 T, the magnetic entropy change peaks
range between 7.81 and 8.40 J kg~! K™%, while the refrigerant capacity values are around 600 J kg~*. These
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results place this family among the top performing ones in their working temperature region. The scaling
relations and the universal curve confirm the second-order nature of the phase transition and validate the
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1. Introduction

Reducing energy consumption, increasing the efficiency of heat-
ing and cooling devices, implementing new renewable energy
sources and moving towards a greener economy and society are
on the core of the current international scientific programs and
research plans."™ The effort towards the achievement of these
goals is increasing year by year, with the research on new, more
efficient and environmentally friendly refrigeration devices as one
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of the most active research lines. To this end, magnetocaloric
refrigeration has emerged as a promising candidate to fulfill the
requirements of future energy demands. Besides the necessity of
designing, building and testing the current refrigeration devices,
the discovery of new magnetocaloric materials, the study of their
crystallographic, thermal, magnetic and magnetocaloric proper-
ties, as well as the understanding of the physics ruling those
properties, are the key to find the perfect magnetic refrigerant.
To that end, many researchers are focusing their efforts on rare-
earth based intermetallic compounds.>® The interplay between
rare-earth elements and the rest of the constituents usually gives
rise to relevant magnetocaloric effects in a wide range of tem-
peratures. This phenomenon is behind the growing interest in the
synthesis and study of new intermetallic compounds. In particular,
the ability to tune the physical properties of these compounds by
slightly varying their composition, 7.e. mixing rare-earth elements,”**
or substituting transition metals and/or p-block elements,"**™*® is of
great interest. This allows a better understanding of the role of each
constituent element in the final properties.

The present study aims to broaden the knowledge about a
particular family of intermetallic compounds, R;CoNi (R = rare
earth element), for which few studies have been performed so
far.’*"2* More specifically, this research is focused on the study

J. Mater. Chem. C, 2025, 13, 9027-9041 | 9027


https://orcid.org/0000-0002-1156-451X
https://orcid.org/0000-0002-5345-8694
https://orcid.org/0000-0003-0810-8860
http://crossmark.crossref.org/dialog/?doi=10.1039/d5tc00423c&domain=pdf&date_stamp=2025-04-07
https://doi.org/10.1039/d5tc00423c
https://rsc.li/materials-c
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tc00423c
https://pubs.rsc.org/en/journals/journal/TC
https://pubs.rsc.org/en/journals/journal/TC?issueid=TC013018

Open Access Article. Published on 08 abril 2025. Downloaded on 29/07/2025 17:34:42.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

of the effect of Co/Ni substitution on the crystallographic,
magnetic and magnetocaloric properties of the Gd;Co4.,Ni;_y
family, with x = 0.1, 0.2, 0.3 and 0.4. Aiming to better under-
stand the underlying physics of the system, the work will also
include a critical behavior study of the second-order phase
transition of the system from the paramagnetic state to the
ferromagnetic state (PM-FM), which will provide insights into
the range of magnetic interactions as well as the symmetry
of the system. Unlike Ni, Co does not form a binary ‘R;Co,’
compound. Substitution of Ni by Co in the binary R;Ni, phase,
leading to the formation of R;Co,Ni,_,, phase, has been studied
for R=Tb>" and Gd,** with Co contenty < 1 (lower than that of
Ni and up to R;CoNi composition). In contrast, the present
investigation focuses on the opposite case, when Co content
exceeds that of Ni. These previous studies have shown that in
both Gd;Co,Ni,_,, and Tb;Co,Ni,_, series,*** an increase in
the Co content consistently results in a higher Curie tempera-
ture (T¢). Therefore, we aimed to study the phase formation for
Co rich compositions, to determine whether further tuning of
the working temperature of these materials was possible while
maintaining good magnetocaloric properties.

The new Gd;Co44,Ni;_, compound was recently identified
during a previous investigation of the binary Gd;Ni, and its
solid solution Gd;Co,Ni,_,, series (for y < 1).* Gd;Ni, is a high
temperature compound existing between 650 °C and 715 °C;
this phase can be retained at room temperature by quenching
(as a metastable phase). Interestingly, the partial substitution
of Ni by Co to form Gd;Co,Ni,_, stabilizes this solid-solution
phase down to room temperature. Both Gd;Ni, and the pseudo-
binary Gd;CoyNi,_,, series crystallize in the monoclinic Dy;Ni,-
type structure {Pearson symbol mS20, space group C2/m
(no. 12), Z = 4**}. This monoclinic structure is maintained up
to Gd;CoNi (for the Co content y = 1.0). Furthermore, it was
ascertained that the crystal structure of Gd;CoNi is a ternary
ordered derivative of the monoclinic Dy;Ni,-type, where Co
atoms preferentially occupy only one of the two 4i Wyckoff
sites available for the transition metal.>> Upon a further
increase of the Co content beyond Gd;CoNi (ie. for y > 1),
the crystal structure changes from the monoclinic Dy;Ni,-type
to the orthorhombic Y;Co,-type [0P20, Pnnm (no. 58), Z = 4]**
forming the new Gd;Co;.Ni;_, compound. Notably, while
the monoclinic Dy;Ni,-type structure is commonly adopted by
several R;Ni, and R;CoNi intermetallic compounds,'®™' the
orthorhombic Y;Co,-type structure had only been reported for
the prototype itself; no other binary or ternary compound has
ever been reported to adopt this structure.>® Gd;Co,.Ni;_ is
thus the first compound found to crystallize in the Y;Co,-type
structure.” A crystallographic phase transition was also observed in
the Th;CoyNi,_,, series; however, in this case, increasing the Co
content beyond y ~ 0.34 induces a structural change from the
monoclinic Dy;Ni,-type to the rhombohedral Er;Ni,-type.*

In this work we report on the crystal structure of the new
solid-solution Gd;Co4,Ni; , compound, present and discuss
the magnetic and magnetocaloric properties along this series as
a function of Co content (for x = 0.1, 0.2, 0.3, 0.4), and compare
its physical properties with those observed in the monoclinic
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Gd;CoyNi,_, series (y < 1). Finally, we analyze the critical
behavior associated with the second-order phase transition
detected in this series, occurring from a paramagnetic to a
ferromagnetic state.

2. Experimental section

2.1. Synthesis

Polycrystalline samples (each approximately 4 g in total mass),
with the nominal composition Gd;Co4.,Ni;_,, with x = 0.1, 0.2,
0.3, 0.4, were synthesized by arc melting the elements, weighed
in stoichiometric proportion and under a pure Ar atmosphere.
The starting constituents were high-purity commercial ele-
ments (Gd >99.9 wt% purity, Co and Ni, both 99.99 wt%
purity); a slight excess of Gd (2 wt%) was added to prevent
the possible formation of the equiatomic phase GdCo,Ni;_,,
which is ferromagnetic.?® The buttons were melted three times,
flipping them over between each melting to ensure homogene-
ity. Weight loss after melting was lower than 0.5% (about 0.2%).
To maintain a clean atmosphere within the arc furnace, a TiZr
getter was melted before melting each sample. The ingots were
then wrapped in Ta foil, sealed under vacuum in quartz tubes,
and annealed at 650 °C for 8 days (based on differential thermal
analysis data). After annealing, the samples were slowly cooled
to room temperature inside the furnace by simply switching off
the power. The final samples exhibited typical metallic luster
and brittle consistency.

2.2. Phase analysis

Phase analysis was conducted using scanning electron micro-
scopy (SEM) coupled with energy dispersive X-ray spectroscopy
(EDX) for semi-quantitative analysis, as well as X-ray diffraction
(XRD) on both powder (PXRD) and single crystal (SCXRD)
samples. The microstructure and homogeneity of the alloys
were examined by SEM-EDX using a Leica Cambridge 360
microscope, equipped with an Oxford X-Max 20 analyzer. The
operating parameters included an electron high tension (EHT)
of 20.0 kv and a probe current of 220 pA, controlled through
Oxford Aztec software; Co was used as an internal standard.
Micrographic specimens were prepared by a standard polishing
technique on a representative vertical section of each sample,
cut from top to bottom. Since the weight loss of each sample
during melting was negligible, the EDX analysis over the entire
area of each specimen (15-20 mm?®) was used as a reference
standard of known composition to ensure the accuracy of the
compositional analysis. This approach allowed for an estimated
measurement accuracy within 0.5 at% for all elements.

2.3. Crystal structure determination

The crystal structure was determined by means of both powder
and single-crystal X-ray diffraction. Powder diffraction patterns
were collected with a Philips diffractometer (Cu K, radiation,
J.=1.54184 A) equipped with a line-detector. The powders were
prepared by grinding polycrystalline pieces of each alloy and
placing them on a zero-background Si-single-crystal sample

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tc00423c

Open Access Article. Published on 08 abril 2025. Downloaded on 29/07/2025 17:34:42.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

holder. Data were collected over a 20 range of 6-96°, with a step
size of 0.02° and a counting time of 4-6 seconds per step. Pure
Si [a = 5.4308(1) A] was used as an internal standard. The X-ray
powder patterns were indexed using Lazy Pulverix*’ and accu-
rate lattice parameters were calculated using home-made least
squares methods. The Rietveld refinement was performed for
all four samples using the FullProf software.®

Single-crystal X-ray diffraction analysis was performed on a
high-quality crystal selected from a crushed fragment of the
sample with the nominal composition Gd;Co, ;Nig . The crys-
tal was affixed to a glass fiber using grease and then loaded into
the diffractometer. A complete dataset was collected under
ambient conditions using a three-circle Bruker D8 QUEST
diffractometer equipped with a PHOTON III detector (graphite
monochromatized Mo K, radiation, A = 0.71073 A) operating in
w-scan mode. Intensity data were collected over the reciprocal
space up to ~36.3° in 0 (resolution of ~0.6 A), with exposures
of 30 s per frame. The data were reduced and corrected for
Lorentz, polarization, and absorption effects using APEX5.%°
The structure was solved and refined using the Bruker
SHELXTL Software package.?>*!

2.4. Magnetic measurements

Magnetization measurements were performed using a vibrating
sample magnetometer (VSM) module installed in a physical
properties measurement system (PPMS, Quantum Design).
Various datasets were collected to thoroughly characterize the
magnetism of the investigated compounds. The isofield mag-
netization, M(7T), was measured at a small applied magnetic
field of 0.01 T between 2 K and 300 K and under zero-field-
cooled (ZFC), field-cooled (FC) and field-warmed (FW) condi-
tions. To study the magnetic behavior under varying applied
magnetic field, isothermal magnetization curves, M(H), were
measured at temperatures ranging from 80 K to well above the
Curie temperature. These measurements were performed
under an externally applied magnetic field up to 7 T, using a
step size of uoAH = 0.1 T. Isotherms were collected at 5 K
intervals, except near the magnetic phase transition at T where
a finer temperature step of AT =1 K was used to ensure accurate
critical behavior analysis. For the purpose of correctly evaluat-
ing the magnetic entropy change, the demagnetization effect
has been considered.*” To this purpose, ac magnetic suscepti-
bility measurements have been performed, from where the
demagnetization factor (N) can be obtained using the Hopkin-
son maximum criteria.*>?* After this, the internal magnetic
field (H;) is calculated following H; = H, — NM (N being the
demagnetization factor and H, the applied magnetic field).
To simplify the notation, H will be used from now on to denote
the internal field H;. The demagnetization factors obtained by
this method for our compounds are 44.16 gOe emu™ " for x =
1.1, 39.06 gOe emu " for x = 1.2, 39.15 g0e emu ' for x = 1.3
and 49.82 for x = 1.4.

Finally, in order to rule out the possibility of any kind of
magnetic hysteresis, hysteresis loops at 2 K, 165 K and 225 K
have been measured for every compound.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

2.5. Resistivity measurements

The zero-field electrical resistivity was measured for Gd;Co; ;1Nig o
and Gd;Co, 4Noy using the commercially available physical
properties measurement system (PPMS, Quantum Design) on a
home-made sample holder. The data were collected in a
standard four-probe configuration, experimentally realised
with Cu lids glued to the sample by silver paint, in a tempera-
ture range between 5 and 310 K.

3. Results and discussion

3.1. Crystal structure of Gd;Co1.+,Ni;_,

The crystal structure of Gd;Co4.,Ni;_, was initially identified
from the powder X-ray diffraction pattern of an as-cast sample
prepared with the nominal composition Gd;CoNi, intended to
synthesize the monoclinic Dy;Ni,-type Gd;CoNi phase. In the
X-ray powder pattern of this sample, together with the diffrac-
tion peaks of the monoclinic and primary phase, additional
peaks were observed; these extra peaks were indexed to the
primitive orthorhombic unit-cell of the Y;Co, prototype
structure.>” The subsequent annealing process led to a sample
with homogeneous composition, stabilizing the monoclinic
phase as the unique equilibrium phase. Further investigation
carried out in the present work revealed that the orthorhombic
Y;Co,-type phase forms just as the Co content in the mono-
clinic Dy;Ni,-type Gd;Co,Ni,_, exceeds y = 1.0. For this reason,
we refer to the orthorhombic phase as Gd;Co4.,Nij_y.

The crystal structure of Gd;Co,.,Ni;_, was also confirmed
by single-crystal X-ray diffraction on an annealed sample having
the nominal composition Gd;Co, ;Niy 9. The structure was solved
with the aid of the intrinsic phasing algorithm and refined using
the Bruker SHELXTL Software package®®*! in the space group
Pnnm (with Z = 4 for the formula unit Gd3Co, 10Ni.99). The crystal
data and structure refinement details are presented in Table S1
(ESIT). The corresponding CIF file, available as ESLt has been
deposited in the Cambridge Structural Database under deposition
code CSD-2401455.

This structure features five inequivalent Wyckoff sites with
4g symmetry: three occupied by Gd atoms (occupied by Y in the
prototype) and two occupied by Co or Co/Ni atoms (occupied
by Co atoms in the prototype). Interestingly, the monoclinic
structure of Gd;Ni, and Gd;Co,Ni,_, compounds, despite
belonging to a different crystalline system, exhibits similar
atomic arrangement with five inequivalent Wyckoff sites with
4i symmetry [three occupied by Gd atoms (Dy in the prototype)
and two occupied by Co/Ni atoms (Ni in the prototype)].>*
Previous results from single-crystal X-ray diffraction and first-
principles total energy calculations for the monoclinic Dy;Ni,-
type Gd;CoNi revealed crystallographic ordering, with a prefer-
ential occupation of Co atoms at the 4i site with coordinates
(0.2378, 0, 0.2371) and Ni atoms at the 4i site with coordinates
(0.0354, 0, 0.1425).>> Based on these findings, the two 4g
Wyckoff sites assigned to Co and Ni in the new orthorhombic
Gd;Coq 1Nig o structure were carefully analyzed for possible
Co/Ni preferential occupancy. Consistent with expectations,
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Table 1 Standardized atomic coordinates, and isotropic (Ueq) and anisotropic (Uj;, Uy, Uj) displacement parameters for GdzCoy 1Nig o (Y3Co,-type, 0P20,

Pnmm, no. 58) as obtained from single crystal analysis; Upz = Uiz = 0

Atom Wyckoff site x/a /b z/c Occ. Ueq [A%]
Gd, ag 0.43573(3) 0.36406(2) 0 1 0.01282(6)
Gd, ag 0.19030(3) 0.63045(2) 0 1 0.01402(7)
Gd, ag 0.62744(3) 0.10880(2) 0 1 0.01393(6)
Co ag 0.13735(10) 0.23394(7) 0 1 0.01882(17)
Co/Ni 4g 0.12498(9) 0.03278(6) 0 0.1/0.9° 0.01806(15)
Atom Wyckoff site Upq [A7] Us, [A%] Us; [A?] U [A?] Us [A%] U, [A7]

Gd, 4g 0.01311(12) 0.01321(12) 0.01215(14) 0 0 —0.00029(9)
Gd, 4g 0.01390(12) 0.01527(13) 0.01291(14) 0 0 —0.00081(9)
Gd; 4g 0.01343(11) 0.01379(12) 0.01457(13) 0 0 —0.00039(10)
Co 4g 0.0297(4) 0.0148(3) 0.0120(4) 0 0 0.0004(3)
Co/Ni 4g 0.0198(3) 0.0170(3) 0.0174(4) 0 0 0.0003(3)

% Co/Ni occupancy was not refined.

a statistical analysis of multiple crystals revealed that the struc-
tural refinement converged with reasonably low and acceptable
agreement factors only when the 4g site at coordinates
(0.13735, 0.23394, 0) was fully occupied by Co atoms, and
the 4g site at (0.12498, 0.03278, 0) was statistically filled by
both Co and Ni with a 0.1: 0.9 occupancy ratio, consistent with
the nominal phase composition (confirmed by the EDX data)
(Table 1).

The microstructure and the phase composition of the four
samples were analyzed using SEM-EDX. The analyses revealed
all samples to predominantly contain the orthorhombic
Gd;Co4.4,Ni;_, phase as the main phase, with small amounts
of Gd;Co, _,Ni, (Fe;Co-type, 0P16, Pnma, no. 62) as the second-
ary phase. The SEM image showing the microstructure of the
sample Gd;Co, ;1Nij 9, chosen as a representative, is depicted in
Fig. 1. Rietveld refinement was performed for all four samples

f 25 um 1

Fig.1 SEM image (backscattered electron (BSE) mode) showing the
microstructure of the GdsCoy1Nigg sample. The dark matrix corresponds
to the new orthorhombic YzCo,-type GdsCoy;1Nige phase and the light
gray grains (trace of secondary phase) pertain to the GdsCo;_,Ni, com-
pound with x = 0.3 (FesC-type). Note: the image refers to an area of the
specimen richer in the extra phase.

9030 | J Mater. Chem. C, 2025, 13, 9027-9041

adopting the occupancies suggested by single-crystal data for
the 4g sites assigned to Co and Ni, and accounting for the Co/Ni
ratios measured by EDX [with Co occupying the 4g site at
(0.13735, 0.23394, 0) and both Co and Ni occupying the 4g site
at (0.12498, 0.03278, 0) in ratios 0.1:0.9, 0.2:0.8, 0.3:0.7 and
0.4:0.6]. The Co and Ni composition of both phases was kept
constant and not refined during the Rietveld refinements.

By combining SEM-EDX with Rietveld refinement data, it
was determined that the sample with nominal composition
Gd;Co, 1Niy ¢ contains x96 vol% Gd;Co; 10Nig.9o and x4 vol%
Gd;Co;_,Ni, with x &~ 0.3, the sample Gd;Co, ,Ni, g contains
~ 97 vol% Gd;Co; 5oNig go and & 3 vol% Gd;Co;_,Ni, with x &
0.3, the sample Gd;Co, 3Niy; contains ~98.5 vol% Gd;Co; 30-
Nig,o and ~2.5 vol% Gd;Co,_,Ni, with x ~ 0.2, and the
sample Gd;Coq 40Niggp contains x98.2 vol% Gd;Co; 40Nig 6o
and ~1.8 vol% Gd;Co,_,Ni, with x ~ 0.2. The Rietveld refine-
ment profile for Gd;Co, 4Nig ¢ is shown in Fig. 2, as an example.
The corresponding profiles for the other three compounds are
shown in Fig. S1-S3 (ESIt), while the relative atomic coordi-
nates are reported in Tables S2-S5 (ESIt), respectively. Projec-
tions of the crystal structure along the three crystallographic
axes are shown in Fig. 3. The coordination polyhedra
in Gd;Coq1Nipo, pertaining to the first coordination sphere
[this defined for dybs/ Y rm < 1.166, where d,ps is the observed
interatomic distance between two next-neighbor atoms and
S ry is the sum of the two metallic radii (where ry; = 1.802 A,
1.252 A and 1.246 A for Gd, Co and Ni, respectively®®)], are
shown in Fig. 4. The corresponding distances are provided in
Table 2. Both the crystal structure and coordination polyhedra
were drawn using VESTA software.*® The coordination polyhe-
dra surrounding Gd;, Gd, and Gd; atoms are a 7-capped
pentagonal prism, a 16-vertex Frank-Kasper polyhedron and a
14-vertex Frank-Kasper polyhedron, respectively, while the
coordination polyhedra around Co and Co/Ni atoms are both
tricapped trigonal prisms. The shortest interatomic distances
in Gd;Co, 1Nigq, as well as in the other members of the series
Gd3Co4.4,Niy_, (up to x = 0.4), are those between Gd and Co
(Gd—Co) and Co/Ni [Gd—(Co/Ni)] atoms (Table 2). As indicated
by Rietveld refinement, these distances vary non-uniformly

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tc00423c

Open Access Article. Published on 08 abril 2025. Downloaded on 29/07/2025 17:34:42.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Journal of Materials Chemistry C Paper
32000 REmmEE o e I — — —
28000 r Gd3C01 4NI06 -1
24000 | ]

— I
- L O Yobs
. 20000 [~ — Yeale B
< T en
E’ 16000 | N 4
-2 i
5 12000 ]
] I
£
8000 fi B e B -
2000 F [0 W II IH!H] 00 OO \I\HHI\I\I\I]I\IIHI\IIIHHII\IHIH\DI‘IIIHHHHH\I\IIIIHHIHIII\HHHIII\I\HIJI]
i [ [mInN IWAH\ (L L AT R TR AT TR U T T T
0 Lo [ ! TR Lo [ ! Y I [
6 16 26 36 46 56 66 76 86 %

Fig. 3 Projections of the crystal structure of the orthorhombic YzCo,-
type GdzCo; 1Nigg compound along the three crystallographic axes.

with increasing Co content. While all the Gd—(Co/Ni) distances
decrease as the Co content increases, some Gd;—Co and
Gd;—Co distances increase, and other Gd,—Co, Gd,—Co and
Gd;—Co distances decrease along the series. The specific values
of interatomic distances obtained by Rietveld refinement for
the four compounds are not reported to emphasize the quali-
tative analysis of the trends rather than numerical details.
The refined values of the lattice parameters (a, b, c) for the
four Gd;Co4.,Ni; _, compounds are listed in Table 3, along with

This journal is © The Royal Society of Chemistry 2025

20 [deg]

Fig. 2 Observed X-ray powder pattern (red circle) and Rietveld refinement profile (black line) for the sample prepared on nominal composition
Gd3Co1.40Nig 0. The lower profile (blue line) gives the difference between observed and calculated data; the Bragg angle positions are indicated by
vertical bars (green). The sample contains ~98 vol% of the new GdzCo;40Nipg0 compound (YzCo,-type, oP20, Pnnm) (top Bragg angle bars) and
~ 2 vol% of GdzCo;_4Niy (x = 0.23) (composition from EDX) (bottom Bragg angle bars).

o,
oo R

¥ '

Gd1[Gd10Co3(Co,Ni)4]  Gd2[Gd11Co3(CoNi)2]

i £F

Co/Ni[Gd7(Co,Ni)1Co1]

Fig. 4 Coordination polyhedra around Gdl, Gd2, Gd3, Co/Ni and Co
atoms corresponding to the first coordination sphere for dobs/ > rm <
1.166 in GdsCoy1Nigo.

Gd3[Gd11Co2(Co,Ni)1]

Oad

Co
Co/Ni

Co[Gd8(Co,Ni)1]

the unit cell volume (V,ps), mean atomic volume (V,), and
volume of formation (—AV%), as well as the elemental compo-
sition measured by EDX for the orthorhombic phase and the
one obtained considering a broad area (global area) of the
sample, the so called global analysis. While the lattice para-
meters a and b decrease, the parameter c¢ increases with
increasing Co content (Fig. 5a). Consequently, both the unit
cell volume and mean atomic volume decrease along the
Gd;Coq4,Ni;_, series (Table 3). The trend of the unit cell
volume as a function of x (Fig. 5b) is noteworthy. While the
lattice parameters vary linearly with x, the unit cell volume
follows a quadratic trend, decreasing and reaching a plateau
at x = 0.4. This suggests that the Gd;Co.,Ni; _, compound may
not form for Co content exceeding = 1.4/formula. Given that
the atomic volume of elemental Co is slightly larger than that of
Ni (11.08 A® and 10.93 A%, respectively®”), one would expect the
opposite trend, ie., an increase of the unit cell volume with
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Table 2 Interatomic distances corresponding to the first coordination sphere for dons/ > rm < 1.166 in GdzCoy 1Nig o, as obtained from single crystal

analysis
Central atom Ligands d [A] dobs/ > M Polyhedron
Gd, 2 Co/Ni 2.9195(6) 0.957 7-Capped pentagonal prism Gd[Gd;,Co3(Co,Ni),]
CN =17 2 Co/Ni 2.9398(7) 0.964

2 Co 2.9866(7) 0.978

1 Co 3.2837(10) 0.911

2 Gd3 3.5326(3) 0.980

1 Gd2 3.5708(4) 0.991

1 Gd1 3.6271(4) 1.004

1 Gds3 3.6904(4) 1.024

2 Gd2 3.7081(3) 1.029

2 Gd1 3.8477(1) 1.068

1 Gd2 4.0834(4) 1.133
Gd, 2 Co 2.8454(7) 0.932 16-Vertex Frank-Kasper Gd[Gd,,Co;(CoNi),]
CN =16 2 Co/Ni 2.8835(7) 0.945

1 Co 3.5613(10) 1.166

1 Gd1 3.5708(4) 0.991

2 Gd3 3.6023(4) 1.000

2 Gd3 3.6170(3) 1.004

1 Gds3 3.7072(4) 1.029

2 Gd1 3.7081(3) 1.029

2 Gd2 3.8477(1) 1.067

1 Gd1 4.0834(4) 1.133
Gd; 2 Co 2.7583(7) 0.903 14-Vertex Frank-Kasper Gd[Gd,;Co,(Co,Ni), ]
CN =14 1 Co/Ni 2.9573(9) 0.969

2 Gd1 3.5326(3) 0.980

2 Gd2 3.6023(4) 1.000

2 Gd2 3.6170(3) 1.004

1 .Gd3 3.6584(4) 1.015

1 Gd1 3.6904(4) 1.024

1 Gd2 3.7072(4) 1.029

2 Gd3 3.8477(1) 1.068
Co 1 Co/Ni 2.5282(12) 1.011 Tricapped trigonal prism Co[Gdg(Co,Ni),]
CN=9 2 Gd3 2.7583(7) 0.903

2 Gd2 2.8454(7) 0.932

2 Gd1 2.9866(7) 0.978

1 Gd1 3.2837(10) 1.075

1 Gd2 3.5613(10) 1.166
Co/Ni 1 Co/Ni 2.5242(12) 1.010 Tricapped trigonal prism (Co,Ni)[Gd(Co,Ni);Co,]
CN=9 1 Co 2.5282(12) 1.011

2 Gd2 2.8835(7) 0.945

2 Gd1 2.9195(6) 0.957

2 Gd1 2.9398(7) 0.964

1 .Gd3 2.9573(9) 0.969

Table 3 Nominal composition, global EDX composition, EDX composition, lattice parameters (a, b, ), unit cell volume (Vqp,s), mean atomic volume (V)
and volume of formation (—AV%) for the GdsCo4,,Ni;_x compounds (x = 0.1, 0.2, 0.3, 0.4) (Y3Co,-type, oP20, Pnmm)

Global analysis EDX composition

Nominal composition from EDX of Gd;C0q,Ni;_, Lattice parameters (Rietveld)

Gd Co Ni Gd Co Ni Gd Co Ni . . . i Vat
Sample [at%] [at%] [at%] [at%] [at%] [at%] [at%] [at%] [at%] a][A] b [A] c [A] Vobs [A°]  [A] —AV%
Gd;Co, 1Nipg 60.00 22.00 18.00 60.97 22.20 16.83 60.65 22.03 17.32 9.54636(7) 12.5543(9) 3.85078(3) 461.510(6) 23.075 4.9026
Gd3Co4,Nigg 60.00 24.00 16.00 60.38 24.40 15.22 59.80 24.75 15.46 9.53984(5) 12.52853(7) 3.85994(2) 461.341(4) 23.067 4.9488
Gd;Co, 3Nip; 60.00 26.00 14.00 60.81 25.35 13.83 59.96 26.01 14.04 9.53396(4) 12.50502(5) 3.86908(2) 461.280(3) 23.064 4.9728
Gd;Co, 4Nip 60.00 28.00 12.00 60.68 27.52 11.81 60.09 27.86 12.04 9.52957(7) 12.49058(8) 3.87524(2) 461.269(5) 23.063 4.9870

increasing Co content. A similar trend was observed in the

in the Y;Co,-type Gd3Co4.,Ni;_ series.

9032 | J Mater. Chem. C, 2025, 13, 9027-9041

By plotting both the unit cell volume and the volume of
monoclinic Dy;Ni,-type Gd;Co,Ni;_, series,> further support- formation for both Dy;Ni,-type Gd;Co,Ni;_, and Y;Co,-type
ing the hypothesis of preferential site occupation by Co atoms Gd;Co4.,Ni;_, as a function of the Co content, x, two interest-

ing trends are observed (Fig. 6a and b). The two trends indicate

This journal is © The Royal Society of Chemistry 2025
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a common composition point [which is a maximum for Vg,
versus x (Fig. 6a) and a minimum for —AV versus x (Fig. 6b)]
occurring between x = 0 and x = 1.1, which is where the
structural change occurs. The absolute values of the volume
of formation (|AV|%) for the Y;Co,-type Gd3Co,.,Ni;_, phase
range from 4.9% to 5.0%, while those for the Dy;Ni,-type
Gd;Co,Ni,_,, compounds range from 4.7% to 5.1%. Although
these two sets of values do not differ significantly from each
other, their trend as a function of Co concentration is note-
worthy for both phases. The new orthorhombic Y;Co,-type
(oP20, Pnnm, no. 58, Z = 4) solid solution Gd;Coq:+yNi;_,
represents a continuation of the monoclinic Dy;Ni,-type
(mS20, C2/m, no. 12, Z = 4) solid solution Gd;Co,Ni,_,. The
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Fig. 6 Unit cell volume (V) (a) and formation volume (AV%) (b) as a
function of the Co content y in the monoclinic DyzNi,-type GdsCo,Ni,_,

(v =0, 0.25, 0.50, 0.75, 0.85, 0.95, 1.00) and in the orthorhombic YzCo,-
type GdzCoy44xNiy_ (x = 0.1, 0.2, 0.3, 0.4) compounds.

Dy;Ni, and Y;Co, prototypes are closely related to one another
via displacements of slabs common to both structures, which is
similar to the structural relationship between CrB-, FeB-, and
TbNi-type structures.**

3.2. Physical properties

3.2.1. Electrical resistivity of Gd;Co,.,Ni; . The electrical
resistivity has been measured for Gd;Co, 1Nipo and Gd;Co, 4-
Niy ¢ compounds, chosen as the representative of this series.
The data are shown in Fig. 7. A typical metallic behavior, with
the resistivity decreasing almost linearly with the temperature
below 300 K, is observed. The resistivity data show a clear
anomaly for both compounds, with a sharp change of slope in
correspondence with the magnetic transition, as will be shown
in the next section. Within the ordered state, the resistivity then
decreases more rapidly with the freezing of spin-disorder
scattering. The temperature at which the anomaly in the
resistivity data occurs (about 182 K and 192 K for Gd;Co; 1Nig o
and Gd;Co, 4Ni 6, respectively) is in good agreement with that
observed in the magnetization data.

3.2.2. Magnetic properties. The ZFC magnetization data as
a function of temperature, M(T), collected at poH = 0.01 T and in
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Fig. 7 Zero-field electrical resistivity for the GdsCoy1Nigg and GdzCoy 4-
Nige compounds as a function of temperature in the range of 5-300 K.

the range 2-300 K are shown in Fig. 8a for the four compounds.
No significant difference was observed between ZFC, FC, and
FW magnetization measurements. The isothermal magnetiza-
tion, M(H), at T =2 K, 165 K and 225 K does not show hysteretic
behavior (see the inset in Fig. 8a and Fig. S4 (ESIf)), as no
measurable coercive fields have been found. This supports the
second-order nature of the magnetic phase transitions, which
was confirmed afterwards. The continuous increase in the
Co/Ni ratio results on a monotonic increase of the Curie tem-
perature, from T¢ ~ 177 K for GdCo, ;Nigo to Tc ~ 186 K for
GdCo, 4Nig 6. This trend suggests the possibility of tuning the
Tc value for practical applications by controlling the Co/Ni
concentration. This behavior agrees with the previously
observed trend in the monoclinic Dy;Ni,-type Gd;CoyNi,_,
(0 <y < 1)** and Th;CoyNi,_, (0 < y < 1).>' However, if we
compare our 7 data with those in ref. 22, we observe that the
polynomial function proposed in the latter work for the T
dependence on Co content can no longer be extrapolated to Co
contents higher than Ni (see Fig. 8b). This discrepancy can

View Article Online
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be ascribed to the different crystal structure adopted by the
two series.

3.2.3. Critical behavior of the paramagnetic to ferromag-
netic transitions. The next step in the comprehension of the
magnetic interactions governing these systems is the careful
study and analysis of the critical behavior of the PM to FM
phase transition. It is well established, both theoretically and
experimentally, that the critical behavior of some physical
properties near second-order phase transitions can be charac-
terized by certain critical exponents. This applies to the spon-
taneous magnetization (Mjg), inverse of the initial susceptibility
(0~ "), and critical isotherm M(H, T = T¢):**

My(T) ~ |t (T < To) 1)
ro (1) ~ |t (T > To) (2)
M(H) ~ H® (T =Tc) 3)

where ¢ = (T — T¢)/Tc is the reduced temperature, and f3, y and o
are the critical exponents. These exponents are universal,
meaning that systems belonging to the same universal class
are ruled by the same set of critical exponents, and, therefore,
share some common properties such as the interaction extent,
the dimension and the symmetry of the order parameter. The
most common universality classes for magnetic materials are
the well-known mean field (fyr = 0.5, ymr = 1, dmr = 3), 3D
Heisenberg (Bueis = 0.3689(3), Yheis = 1.3960(9), Opeis = 4.78), and
3D Ising (Bising = 0-32653(10), rsing = 1.2373(2), dising = 4.79)
models.**™*"

Criticality can only be studied in second-order phase transi-
tions; therefore, the first step is to confirm that the PM-to-FM
transition is second order in all compounds. This has been
verified by analysing the slopes of the magnetization isotherms
represented in the so called Arrott plots, where M is plotted as
a function of H/M. According to the Banerjee criterion, if the
slopes of all isotherms are positive, the transition corresponds
to a second order, while if the slopes are negative, the transition
is of first order.*” As an example, Fig. 9a shows the Arrott plot

3.0 - i 190
—=—Gd;Co,4Niy, |
2k ——Gd;Co, ,Nigg ! ° *
.5 P |
“ Gd3C°1A3N!o.7 180 - | L4
—— Gd3Co, 4Nig g °
B 2.0 ini
: oo ]
8 s 200 2K < 170 V3NNl :
E ’ 5 100 g | .
£ g ; Orthorhombic
2 1.0 Q= ° 160 | Y5Co, (Pnmm)
E-mn |
|
0.5+
200 |
150
6 4 2 0 2 4 6 a | b
oH (T
0‘0 T . T £ T T T T T T I T
0 50 100 150 200 250 300 0 5 10 15 20 25 30
at.% Co

Temperature (K)

Fig. 8 ZFC magnetization at ugH = 0.01 T for the four GdzCoy,xNij_y

(x = 0.1, 0.2, 0.3, 0.4) compounds (a); the inset shows the isothermal

magnetization, M(H), at T = 2 K. Variation of Curie temperature (T¢) as a function of the Co content (in at%) for both monoclinic DyzNi,-type GdsCo,Ni,_,,

and orthorhombic YzCo,-type GdsCoq,xNii_x (b).
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Fig. 9 Critical behavior analysis for GdzCo; 2Nigg. Arrott plot representation (a); modified Arrott plot representation using the correct critical expo-
nents (b); fitting of Ms and 70~ * to eqn (1) and (2) respectively (c); magnetic equation of state, with the inset showing the fitting of the critical isotherm to

eqn (3) (d).

representation for Gd;Co, ,Niy g, where it can be clearly seen
that the slopes are positive, thus, confirming the second-order
nature of the phase transition and the applicability of the
critical behavior analysis. The same behavior is observed in
every compound (see Fig. S5a, S6a and S7a in the ESIf). Once
the order of the phase transition has been confirmed to be
second order, a rigorous step-by-step iterative procedure is used
in order to obtain the critical exponent. The process begins by
representing the modified Arrott plots (MAPs), which consist in
plotting M*# as a function of (H/M)"". For the correct values of
f and 7, the MAP should yield straight, parallel lines. Therefore,
different universality models are tested in order to determine
the best starting point. In this representation, the MF model
corresponds with the Arrott plot, which clearly does not show
the desired straight and parallel lines (see Fig. 9a). For every
compound, the 3D Heisenberg model resulted in the best
starting model. Once the starting model is chosen, Mg and
%o ! values are extracted from the interception of the straight
lines in the MAP with the Y and X axes. These values are then
fitted to eqn (1) and (2) to retrieve new values for § and y. The
critical exponents obtained through the previous fitting are
then used to represent a new MAP, from where the process
starts again until a convergence is reached. The final MAP for
Gd;Co;,Nigg can be seen in Fig. 9b as an example, and the
corresponding final Mg and y,~" fittings are shown in Fig. 9c.
The f and y critical exponent values obtained from the iterative
method are listed in Table 4.

This journal is © The Royal Society of Chemistry 2025

In order to assess the robustness of the critical exponents
obtained from the previous iterative method, two further
procedures are performed. The last critical exponent, J, can
be obtained from f and y values using the Widom scaling
equation:

d=1+7/B @)

The values of 6 obtained from eqn (4) are listed in Table 4 as
¢*, and can be compared to the values of ¢ directly obtained
from fitting the magnetization isotherm at the critical tempera-
ture to eqn (3), listed in the same table as J. The values of
¢ obtained from both methods agree, supporting the results.

Table 4 Critical exponent values for the most common universality
classes®**~ and for the four compounds. 6* values are calculated from
the Widom scaling relation [egn (4)], while ¢ values are obtained from the
fittings of the critical isotherm following eqgn (3)

p v 0 o*

Universality class
Mean field 0.5 1 3

3D Heisenberg 0.3689(3) 1.3960(9)  4.78

3D Ising 0.32653(10)  1.2373(2)  4.79

Compound

Gd;Co, ;Nigo 0.374 £ 0.005 1.34 + 0.16 4.62 & 0.01 4.58 %+ 0.49
Gd;Co,,Nigg  0.372 £ 0.003 1.33 £ 0.02 4.643 £ 0.004 4.58 + 0.07
Gd;Co; 5Nip, 0.376 £ 0.003 1.29 & 0.02 4.49 = 0.008 4.44 + 0.08
Gd;Coq4Nips  0.387 £+ 0.008 1.27 £ 0.05 4.302 + 0.009 4.27 £ 0.21
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The fitting of the critical isotherm for Gd;Co, ,Ni, g is shown in
the inset of Fig. 9d.

Finally, the reliability of the critical exponent values
obtained has been confirmed by means of the magnetic equa-
tion of state, according to which the reduced magnetization
(M(H,?)|t| ") should be a function of the reduced magnetic field
(L )

M(E)|e| " = f(HO)e] ) (5)

Here f and y are the critical exponents and =+ indicates a
different function for isotherms above the critical temperature
and below it. Therefore, if the correct critical exponents are
used to represent the reduced magnetization as a function
of the reduced magnetic field, the resulting graph should
yield two distinct branches, one for each temperature region.
An example of the magnetic equation of state can be seen for
Gd;Co;,Nig g in Fig. 9d, where the collapse of the isotherms
into two branches is a clear indication of the reliability of the
obtained values for the critical exponents. The plots for the
other materials show exactly the same good agreement and they
are shown in Fig. S5-S7 in the ESL

The critical exponents for the four compounds are close to
the 3D Heisenberg model (fieis = 0.3689(3), Vreis = 1.3960(9),
Omeis = 4.78), which points to short-range order isotropic
magnetic interactions. The f values of the two compounds
with lower Co content (Gd;Co, 1Niy ¢ and Gd;Co, ,Niy g) agree,
within the error, with the theoretical value corresponding to the
3D Heisenberg model. However, as the Co content increases,
f slightly increases. A similar situation is found with the y

-ASy, (J kg K

100 120 140 160 180 200 220 240
T (K)

Gd,Co, ;Nig ;

-ASy, (J kg K)

View Article Online
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critical exponent. The y values for the compounds with the
lowest Co content are close to the value corresponding to the
3D Heisenberg universality class, but, in this case, the value
decreases as Co content increases. These deviations are com-
mon in Gd-based intermetallic compounds, for which the
critical behavior studies of their PM-FM phase transitions also
point to the 3D Heisenberg model.**™*> This indicates that
magnetism in these compounds mainly arises from Gd atoms;
however, Co has been suggested to have a small magnetic
moment in the Gd;CoNi compound.?” This magnetic moment
may introduce magnetocrystalline anisotropy as the Co/Ni
content increases, causing deviations of the critical exponents
from the 3D Heisenberg universality class. A similar effect was
observed in other members of this family when Gd was
substituted by Nd in Nd,Gd;_,CoNi.*°

3.2.4. Magnetocaloric properties. The well-known Maxwell
relation has been used to indirectly obtain the magnetic
entropy change (ASy) from the previously measured magnetic
isotherms:

, A roM
Hyg H

As an example, Fig. S8 (ESIf) shows the magnetiza-
tion isotherms from which the magnetic entropy change has
been calculated, along with the magnetization isofields for
Gd;Co4 3Nij ;. The results obtained from using eqn (6) are
shown in Fig. 10, where the magnetic entropy change for
different applied magnetic field changes (AH) is represented
as a function of temperature for the four compounds.

-ASy (J kg™ K7)

100 120 140 160 180 200 220 240
T (K)

10{Gd,Co, ,Niy

-ASy (J kg K7

100 120 140 160 180 200 220 240
T (K)

Fig. 10 Magnetic entropy change values for the different compounds at different upAH as a function of temperature. The legend is the same for all the

0 . . : : : :
100 120 140 160 180 200 220 240
T (K)
graphs.
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As expected, each sample shows a peak at its corresponding
Curie temperature, where the magnetization change is most
pronounced. The peak values of the magnetic entropy change
(|ASRK|), for applied fields of uoAH = 2, 5 and 6.9 T (selected for
comparison with the literature), are listed in Table 5. This table
also contains further valuable information for assessing the
applicability of these materials as magnetic refrigerants, such
as the refrigerant capacity (RC), calculated using the two most
common methods. The refrigerant capacity at full width at half
maximum (RCgwpm):

RCywam = |AS£)/}(|5TFWHM (7)

where 8 Trwinm is the temperature width of the peak at half the
value of the peak, and RC,,., defined as the area enclosed by
the magnetic entropy change in 0Tewim:

Ty,

" |ASwW(T, AH)|dT (8)

Teold

RCArea = J

Finally, the temperature averaged entropy change TEC;,
defined as*®*’

TPk 45
ASm(T")dT’ 9)

TECw0 = TO,[TPk—S

where T°* is the temperature at which the peak is located, has
also been evaluated.

The data in Table 5 show that the increase of Co content
over Ni shifts the peak to higher temperatures. However, the
magnetocaloric properties remain well preserved across all four
compounds. This is interesting as it opens the possibility of
tuning the transition temperature within a 10 K range without
compromising the magnetocaloric properties. These values can
be compared to those in ref. 22, where members of the same
family with lower Co content [Gd;Co,Ni, , (0< y < 1)] were
studied. In this latter study, |ASK(1oAH = 5T)| slightly increases
with Co content from 8.0 kg™ K" for Gd;Ni, to 8.3 J kg ' K"
for Gd;CoNi, while RCpwum(ttoAH = 5T) values are approxi-
mately on the order of 540 J kg™ '. These values are similar to
those obtained in this study, suggesting the possibility of
further tuning the working temperature region from 147 K
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(Tc of GdsNi) to 186 K (T of Gd3Co, 4Nige), a shift of almost
40 K, solely by changing the Co/Ni concentration while preser-
ving the good magnetocaloric properties. This contrasts with
the behavior observed in Gd;CoNi when Gd was partially
substituted by Nd,*® where an equal amount of Gd and Nd
resulted in a drastic reduction of the magnetic entropy change
peak at upAH =5 T to 4.1 kg~ " K" (half the value of the parent
compound Gd;CoNi) and a drop of RCgwum to one fifth of the
values obtained in this work.

The magnetocaloric properties of these materials are out-
standing when compared to other rare-earth containing com-
pounds in the same working temperature region. In particular,
the |ASRf| values obtained in this work are higher than any
other value (within the same temperature region) presented in
Fig. 25 of ref. 48, an extensive review covering hundreds of
magnetocaloric materials. This comparison can be extended to
the equiatomic GdCoyNi,;_,,*® with a slightly lower working
temperature region ranging from 150 K for y = 0.5 to 171 K for
y = 0.7. In GdCo,Ni,_,, the values of the magnetic entropy
change peak at 5 T are very similar to those obtained in this
work, with the lowest value, |ASkf| = 8.2 J kg™* K, corres-
ponding to the composition with y = 0.7 and the highest one,
|ASRF| = 9.7 J kg * K%, to y = 0.5. The RCpwy values at 5 T
obtained for the aforementioned compounds are also similar,
though lower (between 508 and 574 J kg™ ') than those of the
compositions presented in this work.

Some magnetocaloric properties, such as the magnetic
entropy change peak |ASRX| and the RC, are known to scale
with the applied magnetic field according to the following

relations:***°

ASEE ~ 0 <'7%> = H" (10)

and

RC ~ H1+1/¢5

(11)

where ff and 0 are the critical exponents which characterize the
second order magnetic phase transition of the corresponding
compound. These equations and the critical exponent values in
Table 4 have been used to check the scaling of these magneto-
caloric properties and further confirm the validity of the

Table 5 Magnetic entropy change peak, RCrwhm. RCarea and TECyg values at poAH = 2, 5 and 6.9 T for the four compounds

Gd;Co, 1Nij o Gd3Co, ,Nij g Gd;Co, 3Niy 7 Gd3Co, 4Niy 6
Tc =177 K Te =181 K Tc =184 K Tc =186 K
2T |ASRE| 0 kg™t K1) 4.15 4.10 4.01 3.51
RCrwum (J kg™ 154 166 157 150
RCarea (J kg ™) 114 125 119 110
TECyo (J kg ' K ) 3.76 3.80 3.71 3.25
5T |ASRE| 0 kg™ K7) 8.40 8.25 8.34 7.81
RCpwum (J kg ™) 618 640 572 628
RCarea (J kg™1) 443 468 423 437
TECyo (J kg ' K1) 7.88 8.03 7.98 7.37
69T |ASRE| 0 kg KT 10.55 10.44 10.58 10.20
RCrwim (J kg™H) 994 976 913 931
RCarea (J kg™ ) 704 710 662 646
TECy, (J kg ' K ) 9.89 10.17 10.16 9.59
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Fig. 11 Field dependence of the magnetic entropy change peak for GdzCo; 3Nig7 (@) and RCrwhm for GdzCos oNig g (b); the red line is a linear fit to be

used as a visual guide.

obtained critical exponents. As an example, the results are
shown in Fig. 11 for the magnetic entropy change at the peak
value of Gd;Co, 3Niy 7 (a) and for RCewiy of Gd3Co, ,Nig g (b);
the scaling for the other compounds is reported in Fig. S9 and
S10 in the ESLf The red line is a linear fit used as a visual
reference. The good scaling obtained is proof of the validity of
the scaling relations and the correct calculation of the corres-
ponding critical exponents and subsequent analysis.

The temperature dependence of the exponent n(7) defined
in eqn (10) also provides valuable information about the
system. In second-order phase transitions, n(7) should vary
monotonically, tending to a value of 2 in the paramagnetic
phase as temperature increases and to n(7T)1 in the ferromag-
netic phase, with a minimum at 7. However, an overshoot of
the n parameter well above n > 2 would indicate a first-order
transition.””®* As an example, the n(7) curve at 7 T for
Gd;Co; 4Nig 6 is presented in Fig. 12, where the usual behavior
for second order phase transition is observed, with the absence

2.0

Gd;Co, 4Niye
1.8 4

1.6 1
1.4 4
1.2
1.0 1
0.8 4

0.6 4

160 180 200 220 240
T (K)

Fig. 12 Temperature dependence of the n exponent for GdzCos 4Nige
at7T.

80 100 120 140
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of any overshoot. The same behavior is found for the other
three compounds (see Fig. S11 in the ESIY).

Another useful tool coming from the universality nature of
second-order phase transitions is the so-called universal curve.
Universality implies that all the magnetic entropy change
curves corresponding to a certain compound should collapse
into a single one after normalizing to the peak value of each
curve (ASy/ASEY) and rescaling the temperature axis according
to ref. 50 and 52:

0= (T — TH/(T: — Tc) (12)

Here T¢ is the Curie temperature and T is the reference
temperature corresponding to a particular fraction of |ASKY|,
which is usually chosen as ASy(T;) = 0.5ASRy. Fig. 13 shows an
example of the overlapping of the different isofields onto a
single curve in the case of Gd;Co, ;Nijo. The universal curves
for the other compounds can be seen in Fig. S12 (ESIT). The
existence of this universality curve is a demonstration of the
second-order nature of the phase transition. Furthermore, this
curve, together with the scaling relation of ASFf, enables the

101Gd,Co, ,Niy
0.9]

0.8

0.7-
%= 0.6-
0.5-
0.4
0.3-
0.2
0.1
0.0l : :

AS,/AS

Fig. 13 Universal curve for the GdsCo;1Nig 9 compound.
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extrapolation of the magnetocaloric properties to applied mag-
netic fields and temperatures beyond instrumental limitations.>®

4. Conclusions

The present investigation provides a comprehensive analysis
of the interplay between chemical composition, structural
rearrangement and the resulting physical properties in the
new orthorhombic Gdj(Co,Ni), (Y3;Co,-type Gdz;Coq.,Ni;j_,)
compared with the monoclinic Gdj(Co,Ni), (Dy;Ni,-type
Gd;Co,Ni,_,).>* We observe that the structural change from
the monoclinic Dy;Ni,-type to the orthorhombic Y;Co,-type,
occurring when the Co/Ni content per formula unit exceeds
>1, has significant implications for the material’s magnetic
and electronic behavior. X-ray diffraction confirms the ortho-
rhombic Y;Co,-type structure for the Gd;Co,.,Ni;_, compounds
to form when x > 1 and remain stable up to x = 1.4. It was also
found that, between the two 4g Wyckoff sites occupied by the
transition metal, one is exclusively occupied by Co atoms, while
the other exhibits mixed occupancy of Co and Ni. This ordered
arrangement aligns well with and follows the progressive prefer-
ential ordered Co/Ni distribution previously observed in the
monoclinic Dy;Ni,-type Gd;Co,Ni,_,, compounds. Additionally,
the unexpected decrease in the unit-cell volume with increasing
Co content, accompanied by a non-uniform variation of the
interatomic distances, suggests a complex interplay between the
atomic properties (atomic size, valence and electronegativity) and
site occupation. The study also analyses the evolution of the lattice
parameters and unit-cell volume across the Gd;Co,.,Ni; _, series.
It reveals that while the a and b lattice parameters decrease
linearly with increasing Co content, parameter ¢ increases. This
trend leads to a quadratic decrease in the unit-cell volume, which
reaches a plateau at x = 0.4 (GdzCo, 4Niye), suggesting this Co
concentration as the solubility limit of the orthorhombic phase.

The critical exponents for the Gd;Coq:,Ni; , compounds
(x = 0.1, 0.2, 0.3, and 0.4) suggest short-range order isotropic
magnetic interactions, aligning with the 3D Heisenberg model.
As Co concentration increases, slight deviations from the 3D
Heisenberg universality class emerge. These deviations may be
due to the magnetocrystalline anisotropy induced by the pos-
sible Co magnetic moment. A similar effect has been observed
in other compounds within this family when Nd partially
substitutes Gd.*°

Increasing the Co content over Ni leads to a higher Curie
temperature, consistent with previous observations in the
Gd;Co,Ni,_, and Th;Co,Ni,_, series.>"**> This results in a shift
of the peak of the magnetic entropy change to higher tempera-
tures with the increase of Co content, without negatively
affecting the magnetocaloric properties. Comparing the results
of this work to previous studies on the same family (with lower
Co content)*® reveals the possibility of precisely tuning the
working temperature region from 147 K to 186 K by modifying
the Co/Ni concentration.

The analysis of scaling relations and the universal curve
confirms the second-order nature of the phase transition in the

This journal is © The Royal Society of Chemistry 2025
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studied compounds and validates the accuracy of the calculated
critical exponents.

The results demonstrate that tuning the Co/Ni concen-
tration allows for precise control of the working temperature
range for magnetocaloric applications, potentially making
these materials suitable for efficient and sustainable cooling
technologies.
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