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ABSTRACT
The crystal structure, magnetic and magnetocaloric properties, and the critical behavior of representative compounds in the pseudo-ternary
NdxGd3−xCoNi series have been investigated (x = 0.15, 0.5, 1.0, and 1.5). All these phases are isotypic with the parent compound Gd3CoNi,
crystallizing with the monoclinic Dy3Ni2-type (mS20, C2/m, No. 12). All samples present a paramagnetic to ferromagnetic (PM-FM) second
order phase transition with decreasing Curie temperature as the Nd concentration is increased (TC = 171, 150, 120, and 96 K, respectively)
and, at lower temperatures, there is a spin reorientation, which leads to a complex magnetic ground state. The critical exponents (β, γ, and δ)
have been retrieved for the PM-FM transitions. On the one hand, in x = 0.15, 0.5, and 1.5 the value of γ ≈ 1 indicates that the magnetic inter-
actions are long-range order while the values of β point to a certain deviation from the 3D-Heisenberg universality class; on the other hand,
NdGd2CoNi has a particular critical behavior, as β is close to the mean field model while γ is close to the uniaxial 3D-Ising one. Concerning
the magnetocaloric properties, the magnetic entropy change and refrigerant capacity present competitive values, interesting for cryogenic
applications. Finally, the thermal diffusivity values of these compounds are extremely good for practical magnetocaloric refrigeration systems,
as they are in the range 1.5–3 mm2/s.

© 2023 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/10.1063/5.0153045

I. INTRODUCTION

The development of magnetocaloric refrigeration as an alter-
native to the gas compression–expansion cycles refrigerators is being
the subject of a huge number of papers and reviews in the last decade.
Different kinds of materials have been studied looking for optimal
magnetocaloric properties: Heusler alloys, rare-earth based inter-
metallic materials, rare-earth free materials, High Entropy Alloys,
composites, etc.1–10 Materials with first order magnetic phase tran-
sitions give, in general, a higher magnetic entropy change but the
hysteresis prevents them from being used in practical prototypes due
to a gross efficiency reduction when working along a cycle. Thus,

though first order phase transitions with negligible hysteresis are
being looked for, there is also a great interest in magnetocaloric
effects related to second order phase transitions with relevant prop-
erties whose absence of hysteresis makes them useful. The aim to
have them working in refrigeration cycles makes it extremely rel-
evant to also look into how fast heat is transported within the
material and exchanged with the environment. In this sense, inter-
metallic materials have, in general, better properties than other
families of materials. Finally, though room temperature refrigeration
is extremely important, there is also a growing focus on finding mag-
netocaloric materials, which can work in other temperature ranges,
such as the gas liquefaction ones. In order to be able to tune the
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temperature application range, families of rare-earth based inter-
metallic materials, where doping is introduced or rare-earths are
combined, are promising candidates for different refrigeration
applications.

The few studies performed on the particular family of ternary
intermetallics R3CoNi (R = Gd, Tb, Dy, Ho, Er, and Tm)11–13 have
shown that they present relevant magnetocaloric properties from
very low temperature to 170 K (the latter being the case of Gd3CoNi).
The aim of this work is to study how the addition of Nd changes
these properties and if at some composition they might be remark-
able. Therefore, a complete study on the crystallographic, mag-
netic, magnetocaloric, and thermal properties of NdxGd3−xCoNi
(x = 0.15, 0.5, 1.0, and 1.5) has been undertaken. It will include a crit-
ical behavior study of the paramagnetic to ferromagnetic (PM-FM)
phase transition, as this gives a further insight on the magnetic and
magnetocaloric properties of the compounds.

II. SAMPLES SYNTHESIS AND CHARACTERIZATION,
EXPERIMENTAL TECHNIQUES
A. Samples synthesis and phase analysis

Samples with nominal composition NdxGd3−xCoNi (x = 0,
0.15, 0.5, 1.0, and 1.5) were synthesized by arc melting pieces of
metallic elements, weighed in the stoichiometric proportion and
under a TiZr-gettered Ar atmosphere. The starting constituents were
commercial high purity metals: Nd and Gd (both 99.9 wt. % purity),
Co and Ni (both 99.99 wt. % purity); total amount of about 3 g.
The buttons were melted three-four times, turning them upside
down after each melting to ensure homogenization; weight loss was
between 0.2 and 0.4 wt. %. The obtained ingots were wrapped in a
Ta foil, sealed under vacuum in SiO2 tubes, and annealed at temper-
atures between 700 and 750 ○C for 7 days; the alloys were then slowly
cooled down to room temperature after turning off the power to the
furnace.

The homogeneity of samples and their microstructure were
checked by light optical microscopy (LOM) and scanning elec-
tron microscopy (SEM) complemented with a semiquantitative
microprobe [energy dispersive x ray (EDX)] [Leica Cambridge 360
microscope, equipped with an Oxford X-Max 20 analyzer. Work
parameters: EHT 20.0 kV and probe current 220 pA (Oxford Aztec
software)]. The micrographic specimens were prepared by standard
polishing technique using SiC abrasive papers, down to 1 μm by
diamond paste, of a section of samples (cut vertically from top to
bottom). Pure Co and a sample of the parent Gd3CoNi were used as
reference standard materials; in this way, the accuracy of the EDX
measurements was estimated to be within 0.6 at. %. For all sam-
ples, the chemical composition measured on the total area of the
specimens (15–20 mm2) resulted in very good agreement with the
nominal one.

The crystal structure of the phases was investigated by pow-
der x-ray diffraction (XRD). The powder patterns were collected
by using a Bruker D4-Endeavour diffractometer for data collec-
tion (Cu Kα radiation, with 2θ range of 5○–100○). Pure Si was
used as an external standard, a = 5.4308(1) Å. The patterns were
indexed by the help of Lazy Pulverix;14 accurate lattice parameters
were calculated by means of least-square methods (handmade soft-
ware). Rietveld structural refinements were carried out by using the
FullProf software.15

B. Physical properties measurements
Magnetic measurements have been performed using a Vibrat-

ing Sample Magnetometer by Cryogenic Limited, in order to obtain
the Zero-Field Cooled (ZFC), Field-Cooled (FC) magnetization
curves (with applied field μ0H = 100 Oe) from 2 to 300 K. Once
the magnetic transitions have been located, the magnetization (M)
of the samples under external applied magnetic fields Ha in the
range of 0–7 T has been measured. For all samples, isotherms have
been collected from 2 K to temperatures well above the correspond-
ing Curie temperature (TC), using different steps, depending on the
temperature range. As there might be metamagnetic transitions or
other first order phase transitions at low temperature, a discontinu-
ous procedure has been used to measure them, so that the Maxwell
equation can be used to obtain the magnetic entropy change. In
order to study in detail the critical behavior of the paramagnetic-
ferromagnetic transition, a step of ΔT = 1 K has been taken between
consecutive isotherms around TC; additionally, demagnetization
effects have been considered to perform a correct evaluation of the
magnetocaloric effect and the scaling analysis.3,16 For this purpose,
the demagnetization factor N has been obtained by means of ac
susceptibility measurements,17,18 and the internal magnetic field has
afterward been calculated using the equation Hi = Ha − NM. In
order to maintain a notation as simple as possible throughout the
paper, H will be used instead of Hi to represent the internal field. The
magnetic susceptibility has been measured with the AC Measure-
ment System Option in a Physical Properties Measurement System
(PPMS) by Quantum Design, for a frequency f = 100 Hz. The val-
ues of N are 29.43 gOe/emu for Nd0.15Gd2.85CoNi, 48.49 gOe/emu
for Nd0.5Gd2.5CoNi, 98.43 gOe/emu for NdGd2CoNi and 101.20
gOe/emu for Nd1.5Gd1.5CoNi.

Regarding thermal properties, the thermal diffusivity has been
measured by means of a high resolution ac photopyroelectric
calorimeter in the back detection configuration.19

III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Crystallographic studies/characterization

Samples with nominal composition NdxGd3−xCoNi (x = 0,
0.15, 0.5, 1.0, and 1.5) were prepared. Gd3CoNi is presented here to
visualize the evolution of the crystalline properties with Nd doping
but, as its magnetic and magnetocaloric properties have already been
studied,11 it is excluded from the rest of the study. X-ray powder
diffraction and SEM-EDX analyses were carried out on each sam-
ple. All samples contain a small percentage of the pseudo-binary
equiatomic secondary phase (NdGd)1(CoNi)1 (between about
1% for the sample with x = 0.15, to about 4%–5% with x = 1.5). Figure
S1, in the supplementary material, shows selected SEM micropho-
tographs (backscattered electrons) as representative examples of
some samples; the extra phase showing up as small darker grains.
Table I collects the lattice parameters (a, b, c, and β) and unit cell vol-
ume (Vcell) for the NdxGd3−xCoNi phase (monoclinic Dy3Ni2-type,
mS20, C2/m, No. 12) contained in the different samples. Table II
reports the data of the Rietveld refinement obtained for the sam-
ple with nominal composition Nd1.5Gd1.5CoNi. Figure 1 shows the
trend of the lattice parameters (a, b, c, and β) and unit cell vol-
ume (Vcell) for the NdxGd3−xCoNi (monoclinic Dy3Ni2-type, mS20,
C2/m, No. 12) series as a function of the Nd content, x. Nd doping
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TABLE I. Lattice parameters (a, b, c, and β) and unit cell volume (Vcell) for the NdxGd3−xCoNi phase (monoclinic Dy3Ni2-
type, mS20, C2/m, No. 12) contained in the samples prepared with nominal composition NdxGd3−xCoNi with x = 0, 0.15, 0.5,
1.0, and 1.5.

Crystallographic data

Nominal composition a (Å) b (Å) c (Å) β (○) Vcell (Å3)

Gd3CoNi 13.407(2) 3.8118(7) 9.535(2) 109.08(1) 460.52(9)
Nd0.15Gd2.85CoNi 13.414(1) 3.8111(3) 9.5486(8) 108.96(5) 461.66(7)
Nd0.5Gd2.5CoNi 13.435(1) 3.8156(4) 9.5712(9) 108.96(2) 464.05(8)
NdGd2CoNi 13.465(2) 3.8173(5) 9.6041(7) 108.88(3) 467.07(9)
Nd1.5Gd1.5CoNi 13.504(1) 3.8208(1) 9.6417(2) 108.75(2) 471.09(2)

leads to an isotropic increase of the three lattice parameters a, b, c,
and to a decrease of parameter β. The overall result is an increase
of the Unit-cell volume, as expected based on a larger atomic vol-
ume of Nd compared with that of Gd.20 Figures 2 and 3 show
the Rietveld refinement profile for the samples Nd1.5Gd1.5CoNi and
Nd0.5Gd2.5CoNi, respectively.

B. Magnetic properties
The magnetization as a function of temperature is shown in

Fig. 4(a) for the four compositions, both in Zero-Field Cooled (ZFC)
and Field-Cooled (FC), with an applied field of 100 Oe; mean-
while, Fig. 4(b) contains the real part of the ac susceptibility, which
is very sensitive to accurately find the critical temperature of any
phase transition; nevertheless, as in some cases, the peak is not well
marked, the first derivative of the magnetization has also been used
to locate TC. The addition of Nd has several effects when compared
with the parent compound Gd3CoNi, where a paramagnetic to fer-
romagnetic second order phase transition takes place at 170 K and

the ZFC and FC curves perfectly superimpose in the whole tem-
perature range.11 The Curie temperature (TC) of the paramagnetic
to ferromagnetic phase transition is reduced as Nd concentration is
increased (TC = 171, 150, 120, and 96 K for x = 0.15, 0.5, 1, and 1.5,
respectively), maintaining the second order character (this has been
confirmed by the thermal measurements later shown). The ZFC and
FC curves separate further one from another as x is raised, indicating
the introduction of thermomagnetic irreversibility, which is typical
of many ferro/ferrimagnetic transitions, including the other mem-
bers of the R3CoNi family (R = Tb, Dy, Ho, Er, and Tm) already
studied.13 Only in the case of Gd3CoNi this effect does not take
place.11

Around 50 K (but with a small drift to a lower temperature
as Nd concentration is increased) a peak in the real part of the ac
susceptibility emerges, which corresponds to a bump in the mag-
netization, for the four compounds. This is due to a certain spin
reorientation to a complex magnetic ground state, as the magneti-
zation isotherms will show later. Similar transitions appear in other
members of the R3CoNi family.13

TABLE II. Rietveld refinement data obtained for the sample with nominal composition Nd1.5Gd1.5CoNi (Rwp = 10.5%, χ2 = 1.16). The sample contains: 95.3(8)% of the monoclinic
Dy3Ni2-type Nd1.51(3)Gd1.49(3)CoNi compound and 4.7(3)% of the orthorhombic CrB-type Nd0.40Gd0.60Co0.40Ni0.60 phase. (∗) the starting Nd/Gd occupancy in each one of the
three 4i sites has been set as 50: 50, then it has been refined by constraining the same value for all three sites.

Atom Wyckoff site x y z Occ. Biso (Å2)

Nd1/Gd 4i 0.3716(3) 0 0.0039(3) 0.57/0.43(1)∗ 2.90(1)
Nd2/Gd 4i 0.0989(2) 0 0.6682(3) 0.57/0.43(1)∗ 2.84(1)
Nd3/Gd 4i 0.3617(2) 0 0.6267(3) 0.57/0.43(1)∗ 2.75(1)
Co 4i 0.2218(6) 0 0.2265(6) 1 2.87(2)
Ni 4i 0.0139(6) 0 0.1160(6) 1 2.84(2)

Phase 1: Nd1.51(3)Gd1.49(3)CoNi (final refined composition) Dy3Ni2-type (mS20, C2/m, No. 12) [95.3(8) %]
RB = 0.68%, RF = 0.96%
Lattice parameters: a = 13.5042(4) Å, b = 3.8208(1) Å, c = 9.6417(2) Å, β = 108.748(1)○

Vcell = 471.09(2) Å3

Phase 2: Nd0.40Gd0.60Co0.40Ni0.60 (composition as from SEM-EDX; not refined) [4.7(3) %].
CrB-type (oS8, Cmcm, No. 63)
RB = 1.38%, RF = 1.35%; Bover = 0.15(6) Å2

Lattice parameters: a = 3.9284(5), b = 10.935(2) Å, c = 3.9980(5) Å, Vcell = 171.74(4) Å3.
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FIG. 1. Trend of the lattice parameters (a, b, c and β) and unit cell volume (Vcell)
for the NdxGd3−xCoNi phase (monoclinic Dy3Ni2-type, mS20, C2/m, No. 12) as a
function of the Nd content, x, in the samples prepared with nominal composition
NdxGd3−xCoNi, with x = 0, 0.15, 0.5, 1.0, and 1.5.

Finally, in the ac susceptibility of Nd0.5Gd2.5CoNi and
NdGd2CoNi a small peak can be seen at 109, 100 K, respectively,
while there is only a small shoulder in Nd1.5Gd1.5CoNi at 89 K
[see the arrows in Fig. 4(b)]. The two latter transitions can also be
observed in the magnetization curves [Fig. 4(a)], whereas all these
features appear at the same temperatures in the thermal diffusivity

curves shown in the Sec. III E, as well. This implies that at those
temperatures the orientation of the spins is already evolving.

The evolution of the thermomagnetic irreversibility with Nd
concentration is confirmed by the hysteresis loops at 2 K, which are
shown in Fig. 5. The sample with less Nd contents (x = 0.15) presents
no measurable coercive field, while there is a growing one as x is
increased (μ0Hc = 0.023 T for x = 0.5, μ0Hc = 0.08 T for x = 1, and
μ0Hc = 0.168 T for x = 1.5). There are no clear metamagnetic transi-
tions as it happens in Tb3CoNi13 but there are some distinct features
at about 1.5 T in Nd0.5Gd2.5CoNi and close to 2 T in NdGd2CoNi,
suggesting particular magnetic behaviors. These will be clear when
presenting the magnetization isotherms at low temperature as a
function of the field later in this section.

As it has been already mentioned, Gd3CoNi does not present
any kind of thermomagnetic irreversibility, it is the introduction of
Nd that provokes it. This is a phenomenon found in ferromagnetic
materials with magnetocrystalline anisotropies, materials with com-
peting magnetic interactions, and spin glasses.21–23 The presence of
coercive fields together with the particular effects at certain magnetic
fields shown in the hysteresis loops induce to believe that a grow-
ing amount of Nd induces stronger and stronger magnetocrystalline
anisotropies due to the spin–orbit coupling, absent in Gd, which, in
its turn, would induce a stronger narrow-domain-wall pinning,21 as
it happens in many other materials.21,24–26

This description of the magnetic properties is further supported
by the study of the magnetization isotherms, which present differ-
ent behavior depending on the temperature range, applied field,
and composition of the sample. Nd0.15Gd2.85CoNi presents a fer-
romagnetic behavior in the full temperature and field range, as
proved by the magnetization being smaller from one isotherm to the
next one at a higher temperature (see Fig. S2 in the supplementary
material). The other three, while they do have this behavior at tem-
peratures higher than about 50 K, they present a different one at
lower temperatures.

Figure S2 in the supplementary material shows the whole set of
field dependent magnetization curves while Fig. 6 show the details
that are relevant. Starting with Nd0.5Gd2.5CoNi, below about 1.5 T
and 50 K, the behavior is antiferromagnetic (every isotherm presents
a higher magnetization than the previous one). At higher fields,
most isotherms (save for those at the lowest temperatures) turn to
a ferromagnetic behavior, but even at the highest field applied, at
temperatures lower than 14 K, antiferromagnetic features prevail. In
NdGd2CoNi, the behavior is even more complex. At low tempera-
tures, low field, the behavior of the isotherms is antiferromagnetic.
As field increases there is a tendency for the isotherms to gather
closely, to spread again and arrive to a fully ferromagnetic behav-
ior for fields higher than 2 T. Finally, for Nd1.5Gd1.5CoNi, there is
antiferromagnetic behavior at very low fields that very quickly turns
into a common ferromagnetic behavior.

Adding up all this information, it can be sustained that at low
temperature (in some cases at a low field, in other cases even at high
field), the magnetic arrangement is extremely complex, with some
AFM features. Neutron diffraction studies would be needed in order
to clarify these states.

C. Critical behavior
In this section, the study of the critical behavior of the PM-FM

transition is performed. Critical behavior theory assesses that several
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FIG. 2. Observed x-ray powder pat-
tern (red circle), and Rietveld refine-
ment profile (black line) for the sam-
ple Nd1.50Gd1.50CoNi. The lower profile
(blue line) gives the difference between
observed and calculated data; the Bragg
angle positions are indicated by vertical
bars (green). The upper row of Bragg
positions is the Nd1.51(3)Gd1.49(3)CoNi
compound (Dy3Ni2-type, mS20, C2/m,
No. 12) (final refined composition), the
lower row is Nd0.40Gd0.60Co0.40Ni0.60
(CrB-type, oS8, Cmcm, No. 63) (compo-
sition as from SEM-EDX).

physical variables present a critical behavior in the near vicinity of
the critical temperature of second order phase transitions, fulfilling
the following equations as a function of the reduced temperature
t = (T − TC)/TC,27 such as the spontaneous magnetization MS(T),

MS(T) ∼ ∣t∣β (T < TC), (1)

the inverse of the initial susceptibility

χ−1
0 (T) ∼ ∣t∣γ (T > TC), (2)

and the magnetization at the critical temperature

M(H) ∼ H1/δ (T = TC), (3)

while the magnetic equation of state

M(H, t) = ∣t∣β f±(H/∣t∣β+γ), (4)

must be fulfilled in the critical region.
A customary procedure has been followed to obtain the critical

exponents (β, γ, and δ).28,29 To start with, the standard Arrott Plot
(M2 isotherms as a function of H/M in the near vicinity of TC) has
been drawn, as well as the Modified Arrott Plots (MAP), plotting
M1/β vs (H/M)1/γ for the Heisenberg [β = 0.3689(3), γ = 1.3960(9)]30

and Ising universality classes [β = 0.326 53(10), γ = 1.2373(2)].31 The
standard Arrott Plot corresponds to the case of the mean field uni-
versality class (β = 0.5, γ = 1). This is also related to the Banerjee
criterion, which states that if all isotherms in this plot have positive
slopes, the transition is second order,32 what happens in all cases (see

FIG. 3. Observed x-ray powder pat-
tern (red circle), and Rietveld refine-
ment profile (black line) for the sam-
ple Nd0.50Gd2.50CoNi. The lower profile
(blue line) gives the difference between
observed and calculated data; the Bragg
angle positions are indicated by vertical
bars (green). The upper row of Bragg
positions is the Nd0.48(6)Gd2.52(6)CoNi
compound (Dy3Ni2-type, mS20, C2/m,
No. 12 (final refined composition) the
lower row is Nd0.13Gd0.87Co0.40Ni0.60
(CrB-type, oS8, Cmcm, No. 63) (compo-
sition as from SEM-EDX).
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FIG. 4. (a) Magnetization as a function of temperature in zero-field cooled (filled-in
symbols) and field-cooled (empty symbols) mode with applied field μ0H = 100 Oe.
(b) Real part of the ac susceptibility at f = 100 Hz. The arrows denote the structure
explained in the text.

Fig. S3 in the supplementary material), confirming the character of
the transition and justifying this critical behavior study.

Starting with the plot that gives a better ensemble of straight
and parallel lines, an iterative process is performed until it converges.
This consists of taking a linear extrapolation of these isotherms from
the high field values to extract (MS)1/β and (χ0

−1)1/γ as an intercept
on M1/β and (H/M)1/γ axis, respectively. These values of MS(T) and
χ0
−1(T) have been independently fitted to Eqs. (1) and (2), extract-

ing new values of β and γ. With these values new MAPs are drawn,
new extrapolations are done, and so forth until the values of the crit-
ical exponents converge and the best parallelism is obtained in the
MAPs. Figure 7 shows the final modified Arrott plot and the fit-
tings for Nd1.5Gd1.5CoNi, while the rest can be found in Fig. S4 in
the supplementary material. Table III displays the obtained critical
exponents.

Second, the Kouvel-Fisher method has been used: from a linear
fitting of MS(dMS/dT)−1 and χ0

−1(dχ0
−1/dT)−1 with respect to tem-

perature, β and γ are obtained as the inverse of the slopes. Figure 8
shows the fittings for Nd0.15Gd2.85CoNi and Nd1.5Gd1.5CoNi, the
other two are in Fig. S5 in the supplementary material. Table III con-
tains the exponents thus obtained, which are in good agreement to
the ones obtained with the MAPs.

The next step consists of plotting the critical isotherms to
extract the critical exponent δ by fitting the experimental curve

FIG. 5. Hysteresis loops at 2 K for the four magnetic samples. The insets show the coercive fields.
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FIG. 6. Details of the magnetization isotherms at low temperatures for Nd0.5Gd2.5CoNi, NdGd2CoNi and Nd1.5Gd1.5CoNi.

to Eq. (3). Figure 9 shows them in a log-log scale, for two com-
pounds (the other two can be found in Fig. S6 in the supplementary
material). The value thus obtained can be compared with the one
calculated using the Widom scaling equation:27

δ = 1 + γ/β, (5)

with a good agreement, as shown in Table III.

FIG. 7. Left column: Spontaneous magnetization (left) and inverse of initial susceptibility (right) vs temperature for Nd1.5Gd1.5CoNi. The solid curves correspond to the fits
to Eqs. (1) and (2), as explained in the text. Right column: optimized Modified Arrot Plot.
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FIG. 8. Kouvel-Fisher plot of spontaneous magnetization (left) and inverse of initial susceptibility (right) for Nd0.15Gd2.85CoNi and Nd1.5Gd1.5CoNi. The straight lines are
linear fits, from that the critical exponents are obtained.

The last step to confirm the validity of the critical exponents
obtained so far is to check if they fulfill the magnetic equation of
state Eq. (4). If this is so, the magnetization isotherms must collapse
onto two independent branches, one for those above TC, another
one for those below it. Figure 10 shows a very good agreement with
theory for Nd0.5Gd2.5CoNi and NdGd2CoNi (Nd0.15Gd2.85CoNi and
Nd1.5Gd1.5CoNi can be found in Fig. S7 in the supplementary
material).

For each compound, the values derived from the different
methods agree reasonably well. These results indicate that none of
them belongs to a well-defined universality class. The values lie
between the mean-field and 3D Heisenberg universality classes, with
no defined evolution with increasing Nd content. Three composi-
tions (x = 0.15, 0.5, and 1.5) basically share common values of β
(around 0.4) and γ (around 1) while the intermediate compound
with x = 1 has β = 0.46 and γ = 1.22. In the first case, β = 0.4 is
closer to the 3D-Heisenberg case (βHeis = 0.369) than to the mean-
field one (βMF = 0.5) while γ = 1 agrees with the mean-field (γMF = 1,
γHeis = 1.396). Renormalization group analysis assesses that the

range of the exchange interaction J(r) is determined by the crit-
ical parameter γ (γ = 1 corresponds to long-range ordering),33

which would mean that long-range order interactions are respon-
sible for this transition in Nd0.15Gd2.85CoNi, Nd0.5Gd2.5CoNi, and
Nd1.5Gd1.5CoNi but with a marked deviation from the mean-field
model, as far as the β exponent goes. On the other hand, for the
particular composition NdGd2CoNi, the value of γ agrees with the
Ising model (short-range interactions, uniaxial anisotropy), while β
is closer to the mean-field model.

The critical behavior of the PM-FM transition in pure Gd has
been studied by several groups using different techniques and it is
far from clear. The values of β have been found to be, in general,
close to the 3D-Heisenberg universality class (but higher in some
cases) while those for γ are close to the 3D-Ising one.34 In other
intermetallic materials that contain Gd, the studies on critical behav-
ior have also pointed to a 3D Heisenberg universality class with
small deviations,35,36 taking into account that the magnetic proper-
ties solely arise from the rare-earth atom and not from the transition
metals. On the other hand, it has been suggested in Gd3CoNi that

TABLE III. Critical exponents.

Material Technique β γ δ

Nd0.15Gd2.85CoNi
Modified Arrott plot 0.403± 0.003 1.08± 0.01 3.68a ± 0.03

Kouvel-Fisher method 0.403± 0.008 1.08± 0.01 3.68a ± 0.06
Critical isotherm 3.93± 0.01

Nd0.5Gd2.5CoNi
Modified Arrott plot 0.409± 0.002 1.04± 0.01 3.54a ± 0.03

Kouvel-Fisher method 0.38± 0.01 1.08± 0.02 3.84a ± 0.1
Critical isotherm 3.757± 0.006

NdGd2CoNi
Modified Arrott plot 0.47± 0.005 1.22± 0.03 3.60a ± 0.07

Kouvel-Fisher method 0.45± 0.01 1.22± 0.02 3.71a ± 0.07
Critical isotherm 3.671± 0.008

Nd1.5Gd1.5CoNi
Modified Arrott plot 0.423± 0.003 0.982± 0.007 3.32a ± 0.02

Kouvel-Fisher method 0.402± 0.008 0.952± 0.009 3.37a ± 0.05
Critical isotherm 3.282± 0.002

aCalculated from Eq. (5) δ = 1 + γ/β.
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FIG. 9. M vs μ0H plot in a log-log scale collected at critical isotherms for Nd0.5Gd2.5CoNi and NdGd2CoNi. The straight line, in each case, is the linear fit from that the
exponent δ is obtained.

the magnetic interactions are long-range order,11 with which the val-
ues of γ here found agree. In what concerns the values of β, there is
now a deviation from the Heisenberg model, surely due to the pres-
ence of Nd, which introduces magnetocrystalline anisotropies. The
role of Co and Ni cannot be completely ruled out, either. Though in
Tb3CoNi, neither Co nor Ni present a magnetic moment,12 a small
one has been found for Co in Gd3CoNi.11

Therefore, neutron diffraction measurements should be needed
to ascertain the complexity of the spin arrangement for this PM-FM
transition, as well.

D. Magnetocaloric properties
The magnetic entropy change has been indirectly evaluated

using the well-known Maxwell relation:

ΔSM(T, Δ′H) = μ0∫
Hf

Hi

(∂M
∂T
)

H
dH. (6)

The results are shown in Fig. 11 where it is seen that there is
a relevant direct magnetocaloric effect for all of them, centered at
TC. The values for Nd0.15Gd2.85CoNi are equivalent to the ones pub-
lished for Gd3CoNi.11 The effect of Nd is to reduce the maximum,
while tuning it to other temperatures (those for the different TC).
The spin reorientation transition, which takes place at around 50 K
gives an asymmetric shape to the peak. Table IV presents the maxi-
mum values of the curves ∣ΔSpk

M ∣ for μ0ΔH = 2, 5 and 6.9 T, together
with the refrigerant capacities:

RCFWHM = ∣ΔSpk
M ∣δTFWHM , (7)

where δTFWHM is the temperature width of the magnetic entropy
change at half maximum (FWHM) and

RCArea = ∫
Thot

Tcold

ΔSM(T, ΔH)dT, (8)

FIG. 10. The renormalized magnetization plotted as a function of the renormalized field following Eq. (4) for Nd0.5Gd2.5CoNi and NdGd2CoNi.
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FIG. 11. Magnetic entropy change −ΔSM for μ0ΔH from 0.5 T to 6.9.

which is the area enclosed by the magnetic entropy change vs
temperature curve in the range enclosed by the full width at half
maximum. It is important to compare the values of the magnetic
entropy change and the refrigerant capacities with other rare-earth

based materials in their respective temperature ranges, including
other Gd-based intermetallic compounds and, as it turns out,
they are quite competitive though they are not among the highest
ones.2,5,8,11 We will also see in Sec. III E that the thermal diffusivity is

TABLE IV. Maximum of the magnetic entropy change ∣ΔSpk
M ∣ and refrigerant capacities RCFWHM , RCArea at applied fields

μ0ΔH (2, 5 and 6.9 T) for the direct magnetocaloric effect at TC. The indicated temperatures correspond to the position of the
maximum of −ΔSM .

Nd0.15Gd2.85CoNi Nd0.5Gd2.5CoNi NdGd2CoNi Nd1.5Gd1.5CoNi
TC = 171 K TC = 148 K TC = 121 K TC = 98 K

2 T
∣ΔSpk

M ∣ (J kg−1 K−1) 3.9 3.2 2.0 1.9
RCFWHM (J kg−1) 189 152 74 52
RCArea (J kg−1) 140 113 55 41

5 T
∣ΔSpk

M ∣ (J kg−1 K−1) 7.9 6.8 4.8 4.1
RCFWHM (J kg−1) 663 536 255 166
RCArea (J kg−1) 458 399 187 129

6.9 T
∣ΔSpk

M ∣ (J kg−1 K−1) 10.0 8.7 6.4 5.3
RCFWHM (J kg−1) 896 763 367 248
RCArea (J kg−1) 657 577 268 192
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FIG. 12. Field dependence of the peak magnetic entropy change and the refrigerant capacity RCFWHM for NdGd2CoNi.

high enough so that these materials can be considered as promising
magnetocaloric materials in real applications.

At low temperature we can find additional and specific magne-
tocaloric effects, depending on the amount of Nd, which is related to
the magnetic properties already studied in Sec. III B. Nd0.5Gd2.5CoNi
presents a small inverse magnetocaloric effect due to the

antiferromagnetic behavior observed in that region (see Fig. 6). This
effect has also been found in some other members of the family
R3CoNi (R = Tb, Dy, and Er).13 Nd1.5Gd1.5CoNi also shows a small
inverse magnetocaloric effect that quickly turns to a direct one, as the
field is applied, which agrees with the acquisition of full ferromag-
netic properties at a low field. However, these phenomena are small

FIG. 13. Universal curve with the rescaled magnetic entropy changes using one (above) and two (below) reference temperatures, for Nd0.15Gd2.85CoNi and Nd1.5Gd1.5CoNi.
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and have no practical applications. What is extremely interesting is
the important direct magnetocaloric effect at very low temperature
for NdGd2CoNi, which could be useful for cryogenic applications
and whose origin lies in the magnetic properties above explained.

The critical behavior study performed in Sec. III C can now
be completed taking into account that the magnetic entropy change
scales in the following way:37,38

ΔSpk
M ∼ H1+(1/δ)(1−1/β), (9)

whereas the refrigerant capacity scales as37,38

RC ∼ H1+1/δ. (10)

Figure 12 presents these scalings for the case of NdGd2CoNi,
the rest being shown in Fig. S8 in the supplementary material, using
the values of β and δ obtained in Sec. III B. This confirms the validity
of the critical exponents contained in Table III.

To end this analysis, universal curves have been built for the
magnetic entropy change. As the PM-FM transitions have been
found to be second order, it is possible to normalize the curves and
show that they superimpose in the close vicinity of the critical tem-
perature, using the procedure proposed by Franco et al.37,39 To this
end, the magnetic entropy change is normalized with its peak value

and the temperature axis is rescaled, using either one or two refer-
ence temperatures. In the latter case, the scaling of the temperature
axis, in this case, is as follows:

θ2 =
⎧⎪⎪⎨⎪⎪⎩

−(T − TC)/(Tr1 − TC), T ≤ TC,

(T − TC)/(Tr2 − TC), T > TC.
(11)

Figure 13 shows the result for Nd0.15Gd2.85CoNi and
Nd1.5Gd1.5CoNi (the rest can be found in Fig. S9 in the
supplementary material), where the overlapping in the critical
region is not good for only one reference temperature but perfect
with two, confirming the second order nature of the PM-FM
transition.

In the low temperature region, far from the critical region
(where the critical theory is not fulfilled), there is no superposition.
Nevertheless, it is common that, if there is no other phase transi-
tion, the superposition be good in the full temperature range. In
this particular case, we do have other magnetic effects at low tem-
perature, which affect these curves. It has already been shown that
whenever there are spin reorientation phenomena below the main
peak, distortions from scaling appear.40

Concerning the differences in the critical region between
using one and two reference temperatures (see it especially for
Nd1.5Gd1.5CoNi), it has been theorized that the deviations close
to the critical region can be due to demagnetization effects or to
the presence of another magnetic phase with a much higher TC
than the one of the transition under study. In the former case, the

FIG. 14. Thermal diffusivity as a function of temperature for the four compounds.
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curves below TC would move to higher values as the magnetic field
increases, while in the latter the effect would be the opposite.41,42

This last effect is the one that takes place here but there is no hint
of any other magnetic transition above TC in any measurement. In
addition, it has been found that, in other single-phase Gd-alloys,
the lower the critical temperature, the stronger this effect,38 while
it has also been observed in other rare-earths compounds.13,43,44 It
is worth noting the interest of these universal curves, as they allow
the extrapolation of the whole magnetic entropy change curve to
non-accessible magnetic fields.

E. Thermal properties
An aspect seldom studied in many magnetocaloric materials is

their thermal transport properties; they must be good enough so that
the material can undergo the magnetic cycles in a practical appli-
ance and conduct and exchange heat fast enough to work at high
frequencies.1,45 Thermal diffusivity D is the variable that reflects how
quick heat is transferred in any material in a non-steady situation,
following the equation:46

∇2T(⃗ r, t ) + g(⃗ r, t )
K

= 1
D
∂T(r, t)

∂t
, (12)

where T(r, t) is the temperature field as a function of the position
vector and time, g(r, t) is the heat generated in the medium per unit
time and unit volume, K is the thermal conductivity. K and D are
related by the following equation:

D = K
ρcp

, (13)

where ρ is the density and cp the specific heat.
Figure 14 shows the thermal diffusivity as a function of tem-

perature around the PM-FM transition, where this is signaled by
the sudden reduction of D as temperature decreases. The values of
D are in the range 1.5–3 mm2/s, which are comparable to the val-
ues exhibited by good magnetocaloric materials such as Gd5Si2Ge2,
La(Fe0.88Si0.12)13, and one order of magnitude higher than MnAs.45

Detailed heating and cooling runs at very small temperature rates
have shown that there is no thermal hysteresis in this transition, con-
firming the second order character, which is extremely relevant to
efficiently work in a cycle. It is worth noting that, at a lower tem-
perature, there are additional small steps in Nd0.5Gd2.5CoNi and
NdGd2CoNi that correspond to the small peaks also obtained in the
ac magnetic susceptibility shown in Fig. 4(b).

IV. CONCLUSIONS
A full study of the NdxGd3−xCoNi series (x = 0.15, 0.5, 1,

and 1.5) has been undertaken, covering the crystal structure, the
magnetic, and magnetocaloric properties, as well as the critical
behavior of the PM-FM second order phase transitions. All these
phases crystallize with the monoclinic Dy3Ni2-type (mS20, C2/m,
No. 12), as the parent compound Gd3CoNi does. Nd doping leads
to an isotropic increase of the three lattice parameters a, b, c, and to
a decrease of parameter β, with the result of an increase in the unit-
cell volume, as expected due to Nd having a larger atomic volume
than Gd.

The magnetic study has revealed that all compounds present a
paramagnetic to ferromagnetic (PM-FM) second order phase tran-
sition with decreasing Curie temperature as the Nd concentration
is increased (TC = 171, 150, 120, and 96 K, for x = 0.15, 0.5, 1,
and 1.5 respectively). The introduction of Nd alters the magnetic
ground state, inducing a reorientation of the ferromagnetic spins
at lower temperature (<50 K), as revealed by the ac susceptibility
measurements and the magnetization isotherms at low tempera-
ture. The shape of the hysteresis loops at 2 K, together with the
appearance of a growing coercive field as Nd doping is increased,
indicate that Nd introduces magnetocrystalline anisotropies due to
the spin–orbit coupling, which would be responsible for a narrow-
domain-wall pinning and, therefore, the observed thermomagnetic
irreversibility.

The critical exponents (β, γ, and δ) for the PM-FM transitions
have been found. On the one hand, in x = 0.15, 0.5, and 1.5 the
value of γ ≈ 1 indicates that the magnetic interactions are long-range
order while the values of β point to a certain deviation from the
3D-Heisenberg universality class (as is common in Gd-based inter-
metallic materials); on the other hand, NdGd2CoNi has a particular
critical behavior, as manifested by a β value close to the mean field
model while γ is close to the uniaxial 3D-Ising one. As for the MCE,
this can be tuned with Nd doping to a particular region of inter-
est, maintaining competitive values in the magnetic entropy change
and the refrigerant capacity, compared with other rare-earth based
intermetallic materials. A very interesting point is the comparatively
large MCE observed in NdGd2CoNi at very low temperature, with
possible cryogenic applications. The universal curves for the MCE
as well as the scaling of magnetic entropy change and the refrig-
erant capacity, confirm the critical behavior study done with the
magnetic measurements. The study of the thermal properties of the
compounds to ensure that they could be working in real refrigera-
tion appliances in quick cycles has given that the thermal diffusivity
is extremely competitive, as it is in the range 1.5–3 mm2/s.

SUPPLEMENTARY MATERIALS

See the supplementrary materials for the supplementary figures
mentioned in the text.
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