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a b s t r a c t   

A family of novel intermetallic R3CoNi with heavy rare earth ions has been synthesized (R = Tb, Dy, Ho, Er, 
Tm, Lu) and a study of the crystal structure of these phases performed. All the compounds adopt the 
rhombohedral Er3Ni2-type structure [Pearson’s symbol hR45; space group R-3h (N. 148)]. A thorough in-
vestigation of their magnetic and magnetocaloric properties has been undertaken. Magnetization and ac- 
susceptibility measurements as a function of temperature show that the samples with Tb, Dy, Ho, Er, and 
Tm present a paramagnetic to ferromagnetic (PM-FM) transition at temperatures in the range 96–6 K; 
different reorientation transitions take place below the respective TC, in most cases with thermomagnetic 
irreversibility. Thermal and magnetic measurements have been used to retrieve the set of critical exponents 
(α, β, γ, δ) for the PM-FM transition to assign a universality class to Tb3CoNi, Dy3CoNi, and Ho3CoNi, with the 
result that, in the first case, it is close to the Mean Field model, in the second one it is between the Chiral 
Heisenberg and the XY-Chiral, and in the third one it is close to the XY-Chiral model. Therefore, in Tb3CoNi 
the transition is governed by long-range order interactions, whereas in Dy3CoNi and Ho3CoNi there must be 
some kind of frustrated non-collinear ferromagnetism. The magnetocaloric measurements in five members 
of the family indicate that all of them present highly competitive magnetocaloric properties in their re-
spective temperature ranges, with high magnetic entropy changes (from 12.8 to 18.5 J/Kg.K at μ0ΔH = 5 T) 
and refrigerant capacities (from 412 to 699 J/Kg at μ0ΔH = 5 T). These results assess and highlight the ap-
plicative interest of these compounds, besides suggesting the possibility of tuning the range of the oper-
ating temperature by modifying the rare earth ion. Finally, universal curves for the magnetocaloric 
properties have been found for Tb3CoNi, Dy3CoNi, and Ho3CoNi; the scaling of the magnetocaloric variables 
confirms the validity of the assigned universality classes. 

© 2021 The Author(s). Published by Elsevier B.V. 
CC_BY_4.0   

1. Introduction 

Novel intermetallic materials are being synthetized by many 
research groups in the world in search of relevant magnetic prop-
erties for technological applications. One of the main application 
fields is magnetic refrigeration making use of the magnetocaloric 
effect, with the aim to complement or substitute the classical gas 
compressor-expansion cycles [1–3]. To this end, the magnetic tran-
sitions in these materials must present certain particular properties 
such as a relevant magnetic entropy change (or adiabatic tempera-
ture change), broad temperature working range, high refrigerant 

capacity and, in case of first order transitions, negligible thermal and 
magnetic hysteresis. Another relevant issue is the temperature of the 
maximum of the magnetic entropy change as it will affect the 
practical application. In spite of the fact that, nowadays, room 
temperature devices are the ones most looked for, there is also a 
need for materials operating in other temperature regions, such as 
the gas liquefaction ranges [4–8]. The focus of this work is placed on 
the latter region, for which we have synthetized and studied the 
intermetallic family R3CoNi where R is a heavy rare earth atom R 
= Tb, Dy, Ho, Er, Tm, and Lu. So far, only the structure and some 
magnetic properties of Gd3CoNi [9] and Tb3CoNi [10] have been 
investigated, the rest of the series being a complete novelty. As it 
happens in many other families of rare earth intermetallics, such as 
RTX (R = rare earth, T = transition metal, X = p-block element) [11,12], 
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R6TX2 [13–15], R3Co [16], in Tb3CoNi the transition metals do not 
contribute to the net magnetic moment [10]; therefore, the mag-
netism only arises due to the spin ordering of the R atoms. The aim 
of this work is to study in detail the magnetic properties of this 
ordering in the first five members of the aforementioned series, 
paying special attention to the magnetocaloric properties (max-
imum entropy change, refrigerant capacity, and universal curves) 
and get a deeper insight into the magnetism of the paramagnetic to 
ferromagnetic phase transitions by means of the study of their cri-
tical behavior, when possible. We will look for the set of critical 
exponents (α, β, γ, δ, n) which describes the critical behavior of the 
standard physical variables specific heat, spontaneous magnetiza-
tion, inverse of the initial susceptibility, critical isotherm, and 
maximum of the magnetic entropy change, respectively. The corre-
spondence of those sets with a particular universality class will 
provide information about the spin ordering and dimensionality of 
the transition [17–21]. 

2. Samples synthesis and characterization, experimental 
techniques 

Samples with nominal composition R3CoNi were synthesized for 
the heavy rare-earths Tb, Dy, Ho, Er, Tm, and Lu. The alloys, in the 
form of a polycrystalline material, were prepared by arc melting, 
with the elements taken in stoichiometric proportions under a TiZr- 
gettered Ar atmosphere (total weight of 3–4 g). The starting con-
stituents were commercial high purity metals: 99.9 wt% purity for 
the R metals (Koch-Light Laboratories Ltd. England), 99.99 wt% 
purity for both Co and Ni (REacton Alfa, Johnson Matthey GmbH. 
Germany). After first melting for reaction, the buttons were remelted 
other three times, turning them upside down each time, to ensure 
homogeneity. Weight losses after the melting procedure were less 
than 0.4% (except for Tm; in this case losses were within 1.0%). The 
small ingots were wrapped in an outgassed Ta foil, sealed under 
vacuum in quartz tubes and annealed in a resistance furnace. Due to 
the formation of these phases, likely occurring by a peritectic reac-
tion, the thermal annealing was generally performed in two steps: 
680 °C + 700 °C for Tb3CoNi (for which a formation through a peri-
tectic reaction occurring at 720 °C is reported) [10], and 700 °C 
+ 730 °C for the other R3CoNi samples (3–4 days each step, for a total 
of 7–8 days). 

The homogeneity of the alloys was checked, and phase analysis 
performed by optical microscopy (LOM) on micrographic specimens 
prepared with standard methods and powder X-ray diffraction 
(XRD). The XRD patterns were recorded on a Guinier camera (Cu Kα1 
radiation), using pure Si as an internal standard [a = 5.4308(1) Å]; 
they were indexed by comparison with the ones calculated by the 
Lazy PULVERIX program [22]; then, the lattice parameters were 
determined by means of a least-squares method. The refinement of 
the crystal structure was performed for Ho3CoNi, Er3CoNi and 
Tm3CoNi by the Rietveld refinement program FULLPROF [23]. In this 
case powder XRD data were recorded on a Philips diffractometer (Cu 
Kα radiation), in the 2θ range of 10°–100°, with steps of 0.02° and 
counting time of 26–28 s/step. 

Magnetic measurements have been performed using a 
Vibrating Sample Magnetometer by Cryogenic Limited, obtaining 
first the ZFC, FC, FW magnetization curves from 2 K to room 
temperature. Once the magnetic transitions have been located, the 
magnetization (M) of the samples under external applied mag-
netic 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 corresponding Curie temperature (TC), using dif-
ferent steps, depending on the temperature range. In order to 
study in detail the critical behavior of the paramagnetic to fer-
romagnetic transition, a step of ΔT = 1 K has been taken between 
consecutive isotherms around TC; moreover, to perform a correct 

evaluation of the magnetocaloric effect and the scaling analysis, 
demagnetization effects have been taken into account [24,25]. For 
this purpose, the demagnetization factor N has been obtained by 
means of ac susceptibility measurements [26,27], and the internal 
magnetic field has afterwards been calculated using the equation 
Hi = Ha − NM. The magnetic susceptibility has been measured with 
the AC Measurement System Option in a Physical Properties 
Measurement System (PPMS) by Quantum Design. The values of N 
for the three samples are 41.57 gOe/emu for Tb3CoNi, 43.95 gOe/ 
emu for Dy3CoNi and 48.99 gOe/emu for Ho3CoNi. 

The specific heat cp has been retrieved using a high resolution ac 
photopyroelectric calorimeter in the back detection configuration, 
which allows to perform extremely slow temperature ramps in order 
to extract the detailed shape of cp [28–30]. Unfortunately, the lowest 
temperature that this system can achieve is 15 K, so it has not been 
possible to obtain these data for all samples, as it will be shown 
later on. 

3. Experimental results and discussion 

The series of ternary phases R3CoNi have been prepared. The 
room temperature X-ray data reveal that besides Gd [9] and Tb [10] 
all the heavy R down to Lu also form a ternary R3CoNi compound. 
The synthesis of an homologous ‘Yb3CoNi’ was not attempted in the 
course of the present study. While Gd3CoNi [9] adopts the mono-
clinic Dy3Ni2-type (mS20; space group C2/m, N. 12) [31], all com-
pounds formed by the other heavy R (Tb to Tm, and Lu) crystallize 
with the rhombohedral Er3Ni2-type structure (Pearson symbol hR45; 
space group R-3h, N. 148) [32]. This means that not only for Tb3Ni2 

but in Dy3Ni2 and Ho3Ni2 as well, the structure changes from the 
Dy3Ni2-type to the Er3Ni2-type when partially replacing Ni by Co (to 
the equiatomic ratio). The lattice parameters (a and c), unit cell 
volume (Vobs) and volume contraction in the formation of com-
pounds ΔV % {where ΔV = [((Vobs–Vcalc)/Vcalc)*100]; Vcalc is the vo-
lume of the compound calculated from the atomic volumes of the 
individual atoms [33]} are collected in Table 1. Both the lattice 
parameters and unit cell volume linearly decrease from Tb down to 
Lu, well following the lanthanide contraction trend (see Fig. 1). 

Rietveld plots concerning the refinement of the crystal structure 
for Ho3CoNi, Er3CoNi and Tm3CoNi are shown in Fig. 2; the resulting 
structural data and atomic positions, along with agreement factors, 
are collected in Tables S1 to S3 (see supplementary material), for the 
Ho, Er and Tm compounds, respectively. 

Fig. 3a shows the magnetization as a function of temperature, 
both in Zero-Field Cooled (ZFC) and Field-Cooled (FC) mode for the 
five magnetic samples (R = Tb, Dy, Ho, Er, and Tm), with an applied 
field of 100 Oe. In all cases (except for Tm3CoNi) there is a clear 
divergence between the ZFC and FC curves, showing thermo-
magnetic irreversibility, typical of many ferro/ferrimagnetic transi-
tions. Fig. 3b shows the real part of the ac susceptibility, which is a 
very helpful tool to precisely locate the critical temperatures. With 
the combination of both magnitudes we see that there is a 

Table 1 
Lattice parameters (a and c), observed unit cell volume (Vobs) and volume contraction 
in formation of the phase (ΔV %) for the R3CoNi compounds (R = Tb−Tm, Lu); all 
crystallizing in the rhombohedral Er3Ni2-type (Pearson’s symbol hR45, space group 
R−3 h; Z = 9). Data are from Guinier patterns.       

R3CoNi Lattice parameters Vobs [Å3] ΔV % 

a [Å] c [Å]  

Tb3CoNi 8.6062(3) 15.679(1)  1005.72 −5.62 
Dy3CoNi 8.5638(7) 15.618(2)  991.96 −5.45 
Ho3CoNi 8.5268(5) 15.563(2)  979.95 −5.62 
Er3CoNi 8.4840(5) 15.561(2)  969.99 −5.40 
Tm3CoNi 8.4500(3) 15.453(1)  955.55 −5.47 
Lu3CoNi 8.3856(4) 15.397(2)  937.63 −5.73 
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paramagnetic to ferromagnetic (PM-FM) transition at 96 K in the 
case of Tb3CoNi, with a nearly identical shape of the magnetization 
to the one published in [10]. The small peak at about 75 K in the FC 
curve is surely due to a spin reorientation transition. In fact, in [10] it 
was observed by neutron diffraction data that, while below TC the 
arrangement of the three Tb sublattices is ferromagnetic with 
components of the magnetic moments in the directions of the a and 
c vectors (though not completely collinear), at 3.5 K the magnetic 
moments were on the ab-plane for the now 5 different Tb sub-
lattices, with a canted contribution along the c-direction for 3 
of them. 

Dy3CoNi and Ho3CoNi present similar features with TC at 53 K 
and 26 K, respectively. At lower temperatures in each case, there is 
also a hint of a spin reorientation transition, signalled by the small 
maximum in the former and a change in slope in the latter in the FC 
curves (Fig. 3a). Er3CoNi also presents thermomagnetic irreversi-
bility but there are two clear maxima in the ac susceptibility, at 15 K 
and 7 K, indicating two different transitions, the first one being the 
PM-FM while the second one is probably a spin reorientation tran-
sition. Finally, Tm3CoNi has a very small magnetic irreversibility and 
TC is located at 6 K but there is the trace of another maximum at a 
temperature lower than 2 K in the susceptibility. 

The thermomagnetic irreversibility and its evolution with the 
change in rare earth is confirmed by the hysteresis cycles at 2 K, 
which are shown in Fig. 4, where the coercive field is reduced as the 
atomic number is increased. In the particular case of Tb3CoNi the 
cycle clearly shows the presence of metamagnetic transitions (not 
seen in the cycles for the other four samples), indicating the pre-
sence of strong antiferromagnetic components at very low tem-
perature. Nevertheless, as it will be shown when discussing the 
magnetocaloric properties, a small antiferromagnetic behavior at 
low temperature and field is also present in Dy3CoNi and Er3CoNi, 
with a very slight presence in Ho3CoNi. 

Thermomagnetic irreversibility is a phenomenon found in spin 
glasses, ferromagnetic materials with magnetocrystalline aniso-
tropies, and materials with competing magnetic interactions  
[34–36]. The features shown in the hysteresis cycles at 2 K in Fig. 4 
(coercive fields, metamagnetic transitions in Tb3CoNi) support the 
possibility of magnetocrystalline anisotropies at low temperature, 
which would induce a strong narrow-domain-wall pinning [35], as it 
happens in many other materials [35,37–39]. 

3.1. Critical behavior 

As mentioned in the introduction, several physical variables 
present a critical behavior in the near vicinity of the critical tem-
perature of second order phase transitions, fulfilling the following 
equations as a function of the reduced temperature t = (T − TC)/TC  

[17]: for the spontaneous magnetization MS(T) 

<M T t T T( )~ ( ),S C (1) 

the inverse of the initial susceptibility 

>T t T T( )~ ( ),C0
1 (2) 

and the magnetization at the critical temperature 

=M H H T T( ) ~ ( ),C
1/ (3) 

Fig. 1. Trend of the lattice parameters (a and c) and observed unit cell volume (Vobs) as 
a function of the R3+ ionic radius for the R3CoNi compounds (rhombohedral Er3Ni2- 
type; hR45, R−3 h). 

Fig. 2. Observed X-ray powder pattern (red circle) and Rietveld refinement profile 
(black line) for the samples with nominal composition Ho60Co20Ni20 (Fig. 2a); 
Er60Co20Ni20 (Fig. 2b); Tm60Co20Ni20 (Fig. 2c). The Bragg angle positions are indicated 
by vertical bars (green); the lower profile (blue line) gives the difference between 
observed and calculated data. 
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while the magnetic equation of state 

= ±
+M H t t f H t( , ) ( / ) (4)  

must be fulfilled in the critical region. 
Finally, for the specific heat 

< >± +c T A t A forT T A forT T( )~ ( , ),p C C (5)  

This section is devoted to the obtention of these critical ex-
ponents (α, β, γ, δ) for the PM-FM transitions in Tb3CoNi, Dy3CoNi, 
and Ho3CoNi. In the case of Er3CoNi, the presence of a second 
transition very close to it (7 K versus 15 K) makes it impossible to 

isolate the critical behavior of the PM-FM one. A similar situation is 
found for Tm3CoNi. 

For the magnetic exponents, a customary procedure has been 
followed [40,41]. From now on, and in order to maintain a notation 
as simple as possible, H will be used instead of Hi to represent the 
internal field. As a starting point for the analysis, 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 

versus (H/M)1/γ for the Heisenberg (β = 0.3689(3), γ = 1.3960(9)) [42] 
and Ising universality classes (β = 0.32653(10), γ = 1.2373(2)) [43]. 
The standard Arrott Plot corresponds to the case of the Mean Field 
universality class (β = 0.5, γ = 1). The case which presents, as a whole, 
a better bunch of straight and parallel lines is taken as the starting 
point for the analysis. In the case of Dy3CoNi and Ho3CoNi the Ising 
model has been the starting point while in Tb3CoNi additional pairs 
for β and γ have been checked (since the linearity in the general 
(Modified) Arrott plots was not good enough with the three previous 
models), with the result that the best one as starting point has been 
β = 0.38, γ = 1.1 (see Figs. S1, S2, S3 in the supplementary material, 
which contain the comparison of the relative slopes for the different 
trial models). Starting from the one in which the curves at high fields 
are straighter and more parallel among them, the usual iterative 
process to find the best values for β and γ has been followed: a linear 
extrapolation of these isotherms has been taken 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 

<M T t T T( )~ ( ),S C (6)  

>T t T T( )~ ( ),C0
1 (7)  

respectively, thus extracting new values of β and γ. With these values 
new MAPs are drawn, new extrapolations are done, new fittings to  
Eqs. (6) and (7) are performed and so forth till the values of the 
critical exponents converge and the best parallelism is obtained in 
the MAPs. Fig. 5 shows the result of this iterative process for the 
three samples (3 rounds were enough for Ho3CoNi, 2 rounds for 
Tb3CoNi and Dy3CoNi) and Table 2 contains the critical exponents 
thus obtained with their uncertainties. 

Fig. 3. 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. 

Fig. 4. Hysteresis loops at 2 K for the five R3CoNi magnetic samples.  
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As a second step, the Kouvel-Fisher analysis has been under-
taken, which assesses that MS(dMS/dT)−1 and χ0

−1(dχ0
−1/dT)−1 have a 

linear behavior with respect to T, with slopes 1/β and 1/γ, respec-
tively. Fig. 6 shows these data and the corresponding fittings, from 
which new β and γ are obtained, giving values very close to the 
previous ones for each material. In this analysis, the Curie tem-
perature is found from the intercept of the straight fitted lines on the 
temperature axis. Table 2 gathers again all these results. 

Then, for the three compounds, the critical isotherms have been 
plotted to extract the critical exponent δ, after Eq. (3). Fig. 7 shows 
them in a log-log scale. In this form, a fit to a linear function easily 
gives the value of δ, which can be compared with the one calculated 

using the experimentally found β and γ and the Widom scaling 
equation [17]: 

= +1 / (8)  

It can be appreciated in Table 2 that, in each case, the agreement 
between the experimental and calculated δ is very good. 

It is generally accepted that the fulfilment of the magnetic 
equation of state Eq. (4) is a severe confirmation of the validity of 
these critical exponents to describe the magnetic transition. This 
equation of state is shown in Fig. 8 for the three cases where, for 
each of them, all isotherms collapse onto two independent branches, 

Fig. 5. Left column: Spontaneous magnetization (left) and inverse of initial susceptibility (right) vs. temperature for Tb3CoNi, Dy3CoNi, and Ho3CoNi. The solid curves correspond 
to the fits to Eqs. (6) and (7), as explained in the text. Right column: optimized Modified Arrot Plots. 

Table 2 
Critical exponents obtained for Tb3CoNi, Dy3CoNi, and Ho3CoNi.         

Material Technique β γ δ α A+/A-  

Tb3CoNi Modified Arrott Plot 0.391  ±  0.002 TC = 96.03  ±  0.01 K 1.03  ±  0.01 TC = 96.18  ±  0.06 K 3.63a  ±  0.04   
Kouvel-Fisher Method 0.387  ±  0.007 TC = 95.94  ±  0.02 K 1.02  ±  0.02 TC = 96.23  ±  0.09 K 3.6a  ±  0.1   
Critical Isotherm   3.64  ±  0.01   
Specific Heat    ≈0 – 

Dy3CoNi Modified Arrott Plot 0.316  ±  0.003 TC = 52.36  ±  0.03 K 0.98  ±  0.08 TC = 52.55  ±  0.05 K 4.11a  ±  0.05   
Kouvel-Fisher Method 0.300  ±  0.006 TC = 52.07  ±  0.04 K 0.95  ±  0.02 TC = 52.72  ±  0.09 K 4.2a  ±  0.1   
Critical Isotherm   4.17  ±  0.01   
Specific Heat    +0.33  ±  0.04 0.62 

Ho3CoNi Modified Arrott Plot 0.257  ±  0.003 TC = 25.29  ±  0.02 K 0.98  ±  0.03 TC = 25.2  ±  0.1 K 4.8a  ±  0.2   
Kouvel-Fisher Method 0.245  ±  0.009 TC = 25.13  ±  0.04 K 0.94  ±  0.03 TC = 25.3  ±  0.1 K 4.8a  ±  0.3   
Critical Isotherm   4.75  ±  0.02   
Specific Heat    +0.30  ±  0.01 2.5  

a Calculated from Eq. (8) δ = 1 + γ/β.  
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one for those above TC, another for those below it, as it is theorized 
for the right critical exponents. 

Let’s now turn our attention to the critical behavior of specific 
heat. The function customarily used to fit the experimental curves of 
this magnitude is [44,45]: 

= + + +± ±c B Ct A t E t(1 )p
0.5 (9) 

where t is the reduced temperature and α (the critical exponent), A ± , 
B, C and E ±  are adjustable parameters. Superscripts + and − stand for 
T  >  TC and T  <  TC respectively. 

In the particular case in which the Mean Field model is of ap-
plication (α = 0), the critical equation would take an asymptotical 
logarithmic form at the paramagnetic phase, while the ferromag-
netic phase may be described by a Landau classical formulation. As a 
consequence, the paramagnetic region is fitted to 

= + +c A t B Ctlnp (10) 

whereas the ferromagnetic one is fitted to 

= + +c A
T

A T T
B C T T

1 4 ( )
( )p

C
C1

2 (11)  

[46]. The particulars on how this standard fitting procedure is car-
ried out are described elsewhere [29,45,46]. 

Fig. 9 shows the experimental specific heats, the fittings and the 
deviation plots (the latter contain the difference between the experi-
mental and the fitted points, in percentage). The best fittings for 
Dy3CoNi and Ho3CoNi have been obtained by using Eq. (9), with the 
resulting values of α = +0.33  ±  0.04 and α = +0.30  ±  0.01, respectively. 
Another parameter which is also predicted by the universality classes is 
the ratio A+/A-, whose values from the fittings are 0.62 for Dy3CoNi and 
2.5 for Ho3CoNi (though, as the rounding is quite severe, it is not too 

Fig. 6. Kouvel-Fisher plot of spontaneous magnetization (left) and inverse of initial susceptibility (right) for each compound: Tb3CoNi, Dy3CoNi, and Ho3CoNi. The straight lines 
are linear fits, from which TC and the critical exponents are obtained. 

Fig. 7. M vs. H plot in a log-log scale collected at critical isotherms for Tb3CoNi, Dy3CoNi, and Ho3CoNi (from left to right). The straight line, in each case, is the linear fit from which 
the exponent δ is obtained. 

Fig. 8. The renormalized magnetization plotted as a function of the renormalized field following Eq. (4) for Tb3CoNi, Dy3CoNi, and Ho3CoNi (from left to right). In the three cases, 
the data collapse onto two separate branches, one above and one below the respective TC. 
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reliable). For Tb3CoNi, the best fitting has been obtained with the use of  
Eqs. (10) and (11), implying that the critical exponent α tends to zero. 

All the critical parameters found for Tb3CoNi, Dy3CoNi, and 
Ho3CoNi have been collected in Table 2, while Table 3 presents the 
sets of critical exponents for a number of universality classes which 
might be worth considering [17,42,43,47–56], taking into account 
the contents of Table 2. 

In the particular case of Tb3CoNi, the value of γ and the fitting of 
the specific heat agree quite well with the mean field model while β 
and δ are in between the 3D-Heisenberg and the Mean Field model. 
This would suggest that the PM-FM transition in this case would 
belong to the Mean Field model, indicating that long range order 
interactions are responsible for this transition but with a certain 
deviation from it. Renormalization group analysis maintains that the 
range of the exchange interaction J(r) is determined by the critical 
parameter γ by means of the dependence [57]. 

+J r r( )~ d( ) (12)  

where d is the dimension of the system, r the distance and σ the 
range of the exchange interaction, where the relation between the 
latter and γ is: 

= + +
+

+
+

+
+

+

+
( )

d
n
n

n n

d n

G n

n n
1

4 2
8

8( 2)( 4)
( 8)

1
2 (7 20)

( 4)( 8)

d

2 2

2 2

(13)  

where Δσ = σ - d/2, =( ) ( )G 3d d
2

1
4 2

2
, being n the spin dimension-

ality. In this case, with γ = 1.03, the resulting value is σ = 1.56. Long 
range interaction corresponds to σ = 1.5, while, for instance, for the 
short-range 3D-Heisenberg universality class, σ = 2 [57]. This result 
further confirms that the magnetic interactions are closer to a long 
range interaction rather than to short range ones. 

In the case of Dy3CoNi, β and γ agree quite well with the Chiral 
Heisenberg; the sign of α and the ratio A+/A- also agree with it, 
though the value of α agrees better with the XY-Chiral; as a whole, 
the complete set of exponents is between the two Chiral models. 
Finally, in the case of Ho3CoNi, there are three exponents (α, β and γ) 
whose values are quite close to the XY-Chiral model. 

These critical exponents imply that Dy3CoNi and Ho3CoNi are not 
common collinear ferromagnets but a certain kind of frustrated non- 
collinear magnets. Renormalization group theories and Monte-Carlo 
approaches have been used to study the symmetry and the corre-
sponding critical exponents of frustrated non-collinear magnets, 
among which are the stacked triangular antiferromagnets (such as 
the vanadium dihalides VCl2, VBr2 or CsMnBr3, CsVCl3) or the helical 
magnets (such as pure Dy and Ho), developing what is known as the 
XY-Chiral class, whose critical exponents can be found in Table 3  
[51,53–56]. Experimental measurements on all these materials have 
shown that they belong to the XY-Chiral universality class [58–60]. 

The low ordering temperature from the paramagnetic phase in-
dicates the degree of magnetic frustration which takes place in 
R3CoNi. The magnetic properties in this system mainly arise from the 
rare earth (it has been established in Tb3CoNi that neither Co nor Ni 
present magnetic moment [10]) though the ordering temperatures 
are much lower than in the case of the pure systems where the spins 
take an helical arrangement (179 K in Dy, 132 K in Ho [61]). Without 
neutron diffraction measurements, it is not possible to ascertain 
which the spins arrangement is in Dy3CoNi or Ho3CoNi; however, 
the critical exponents here obtained suggest some kind of non-
collinearity as it happens in pure Dy and Ho. Canted ferromagnetic 
or helical arrangements have also been found in other intermetallic 
systems where only the rare earth presents magnetic moment, such 
as Dy6MnBi2, Ho6MnTe2, Ho6CoTe2 [62]. 

In the case of pure Dy and Ho it has been also suggested that the 
magnetic transition might be weakly first order, as the critical ex-
ponents of the XY-Chiral class are very close to the Tricritical Mean 

Fig. 9. Top line: Experimental (grey open circles) and fitted curves (continuous lines) of the specific heat as a function of the reduced temperature for the three compounds in the 
near vicinity of TC. Bottom line: deviation plots for the fittings (difference between the experimental points and the fittings, in percentage) where blue circles correspond to T  <  TC, 
red stars for T  >  TC. 

Table 3 
Set of critical exponents and ratios for several universality classes. d dimensionality of 
the interaction, n number of spin components, α and A+/A- are those of specific heat, β 
of spontaneous magnetization, γ of isothermal susceptibility, δ of critical isotherm  
[17,42,43,47–56].          

Universality class d n α β γ δ A+/A-  

Mean-field Model – – 0  0.5  1.0  3.0 – 
3D-Ising 3 1 0.11  0.3265  1.2373  4.79 0.53 
3D-XY 3 2 −0.014  0.34  1.30  4.82 1.06 
3D-Heisenberg 3 3 −0.134  0.3689  1.3960  4.80 1.52 
XY-Chiral 3 2 0.34  0.253  1.13  0.36 
Chiral-Heisenberg 3 3 0.24  0.30  1.17  0.54 
Tricritical Mean Field – – 0.5  0.25  1.0  5 – 
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Field model (α = 0.5, β = 0.25, γ = 1, δ = 5) [56,63]. In the study pre-
sented in this paper, the experimental values of the critical ex-
ponents for Ho3CoNi, are indeed very close to this class, save for α. 
Nevertheless, we discard this option since in the thermal measure-
ments (which have been done at a very low pace, 20 mK/min) there 
is no hysteresis at all in heating or cooling runs and the shape of the 
transition is exactly the same one. 

3.2. Magnetocaloric properties 

In order to study the magnetocaloric properties of the five 
magnetic compounds of the series, magnetization isotherms have 
been measured from 2 K to temperatures well above TC, as described 
in Section 2. The Maxwell relation has been used to calculate the 
magnetic entropy change as a function of temperature and mag-
netic field: 

µ=S T H
M
T

dH( , ´ )M
H

H

H
0

i

f

(12ʹ)  

The results are shown in Fig. 10 where it is seen that there is an 
important direct magnetocaloric effect for all of them. Table 4 pre-
sents the maximum values of the curves S| |M

pk for μ0ΔH = 2, 5 and 
6.9 T, together with the refrigerant capacities, calculated using the 
two standard definitions 

=RC S T| | ,FWHM M
pk

FWHM (13ʹ) 

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

=RC S T H dT( , )Area
T

T
M

cold

hot

(14) 

which is the area enclosed by the magnetic entropy change vs. 
temperature curve in the range enclosed by the full width at half 
maximum. The results at μ0ΔH = 5 T are the ones which are more 
comparable with literature. We can see in Table 4 that the maximum 
entropy changes are 12.8, 13.6, 18.5, 15.8 and 17.1 J/Kg.K for Tb3CoNi, 
Dy3CoNi Ho3CoNi, Er3CoNi and Tm3CoNi, respectively, while their 
RCFWHM are 699, 597, 582, 449, and 412 J/Kg. If these values are 

compared with results shown in literature for other rare-earth based 
materials in their respective temperature ranges [2,5–7], they are 
among the highest ones, making this intermetallic family specially 
promising for future applications and showing that the working 
temperature range can be efficiently tuned by exchanging the rare 
earth, while maintaining good magnetocaloric properties. It would 
become very interesting now to investigate the possibility of mixing 
the rare earths to see if this working range can be efficiently dis-
placed or extended while maintaining a high value of the maximum 
of the magnetic entropy change and of the refrigerant capacity, as it 
happens with other rare-earth intermetallic families [5,64,65]. 

It is worth mentioning that there is a small inverse magnetoca-
loric effect at very low temperature, very clear for Tb3CoNi, small for 
Dy3CoNi and Er3CoNi and nearly negligible for Ho3CoNi. This is re-
lated, in all cases, to a certain antiferromagnetic behavior at those 
temperatures. In the magnetization isotherms at low temperature it 
is seen that the magnetization increases (for a given field) with 
temperature, typical of an antiferromagnetic state (see Fig. S4 in the 
supplementary material). This is specially marked in the case of 
Tb3CoNi, where the presence of metamagnetic transitions was al-
ready confirmed in Fig. 4. Nevertheless, the magnitude of the mag-
netic entropy change as well as the temperature span of these 
phenomena rules out any practical application. 

The assignation of a particular universality class to the PM-FM 
can be further checked by means of the magnetocaloric variables, as 
there are several scaling equations that they also fulfill. In particular, 
the maximum of the magnetic entropy change scales with a critical 
exponent n which is a combination of β and δ [18,20]: 

=+S H H~M
pk n1 (1/ )(1 1/ ) (15)  

while the refrigerant capacity scales as [18,20]: 

+RC H~ 1 1/ (16)  

Fig. 11 presents examples of these scalings for Tb3CoNi, Dy3CoNi, and 
Ho3CoNi, using the values of β and δ previously obtained. The ex-
perimental points lie extremely well along straight lines in all cases, 
confirming the validity of the critical exponents contained in Table 2. 

In the case of second order phase transitions, it has been 
shown that it is possible to build universal curves for the magnetic 

Fig. 10. Magnetic entropy change -ΔSM for μ0ΔH from 0.5 T to 6.9 T for Tb3CoNi, Dy3CoNi, Ho3CoNi, Er3CoNi, and Tm3CoNi.  
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entropy change in the close vicinity of the critical temperature  
[18]. This method implies that there is no other phase transition 
close enough to meddle with the first one. Therefore, this method 
has been applied to the case of the paramagnetic to ferromagnetic 
transition in Tb3CoNi, Dy3CoNi, and Ho3CoNi. The magnetic en-
tropy change is normalized with its peak value and the tem-
perature axis is rescaled. As a first step, one reference temperature 
Tr is used in order to obtain a universal curve, scaling the tem-
perature axis as follows: 

= T T
T T

.C

r C
1 (17) 

where Tr is selected to be above TC, corresponding to a particular 
fraction of S| |M

pk , which has been chosen in these cases as 0.5. 
Nevertheless, it has been shown that, in many cases, 
two reference temperatures Tr1, Tr2 are necessary to build up the 
universal curves [19]. The scaling of the temperature axis in this case 
is as follows: 

=
>

T T T T T T

T T T T T T

( )/( ) ,

( )/( ) ,
.

C r C C

C r C C
2

1

2 (18)  

Fig. 12 shows the result in both cases for Tb3CoNi and Ho3CoNi (the 
case of Dy3CoNi is analogous to the last one). The overlapping must 
take place in the near vicinity of the second order phase transition 
(the critical region) [20,66], where critical theory is fulfilled, which 
happens both with one or two reference temperatures but better in 

the last case. It is generally accepted that there are two causes for the 
deviations when using only one reference temperature: either de-
magnetization effects (where the effect is that the curves below TC 

move to higher values of S

S

M

M
pk

as the magnetic field increases [67]) or 

the presence of another magnetic phase with a much higher TC than 
the one of the transition under study and, in this case, the curves 
would move to smaller values of S

S

M

M
pk

as the magnetic field increases  

[68]. In Fig. 12 it is clearly seen that the evolution of the curves at 
low fields is the one due to demagnetization effects, as expected, but 
that at fields higher than 1.6 T for Tb3CoNi, 2 T for Dy3CoNi and 2.8 T 
for Ho3CoNi, the tendency is reversed and it is now the one de-
scribed in the second case. Nevertheless, there is no trace of any 
other magnetic phase, neither in the X-ray nor in all the magnetic 
measurements performed up to room temperature. It has lately been 
discovered that the presence of additional magnetic phase transi-
tions is not the only cause of the lack of universal scaling at low 
temperatures with that particular behavior with the field, as it has 
been shown that, in several single-phase Gd-alloys, the lower the 
critical temperature, the stronger this effect [20]. It is suggested that 
it might also have to do with the universality class not being a 
perfect Mean Field. This behavior has also been observed in other 
heavy rare-earths compounds such as RTiO3 (R = Dy, Ho, Er, Tm, Yb)  
[69] or HoZn [70]. If we focus our attention on the regions far below 
TC, there is a deployment of non-overlapping curves, which corre-
sponds to temperatures well beyond the critical region, where the 
spin reorientation transitions have already taken place. The fact that 

Table 4 
Maximum of the magnetic entropy change S| |M

pk and refrigerant capacities RCFWHM, RCArea at applied fields μ0ΔH (2, 5 and 6.9 T) for the five compounds. The indicated tem-
peratures correspond to the position of the maximum of -ΔSM.           

Tb3CoNi Dy3CoNi Ho3CoNi Er3CoNi Tm3CoNi   
TC = 97 K TC = 53 K TC = 27 K TC = 13 K TC = 7 K  

2 T S| |M
pk (J kg-1 K-1) [TC]  5.9  6.4  7.6  7.6 10.0 

RCFWHM (J kg-1) [TC]  217  166  146  152 142 a 

RCArea (J kg-1) [TC]  152  128  113  124 - 
5 T S| |M

pk (J kg-1 K-1) [TC]  12.8  13.6  18.5  15.8 17.1 

RCFWHM (J kg-1) [TC]  699  597  582  449 412 a 

RCArea (J kg-1) [TC]  516  454  433  356 - 
6.9 T S| |M

pk (J kg-1 K-1) [TC]  16.4  17.0  24.0  19.6 19.1 

RCFWHM (J kg-1) [TC]  1008  887  876  681 560 a 

RCArea (J kg-1) [TC]  745  675  644  521 -  

a As the magnetic entropy change peak for Tm3CoNi is not complete on the lower temperature side, the common arrangement of considering it symmetric with respect to the 
maximum has been adopted to evaluate RCFWHM.  

Fig. 11. Field dependence of the peak magnetic entropy change for Tb3CoNi (left), scaling laws for the refrigerant capacity RCArea for Dy3CoNi (center) and for RCFWHM for Ho3CoNi 
(right) The values of β and δ used are the ones presented in Table 2. 
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these universal curves have been obtained is further proof of the 
second order character of the PM-FM transition in these materials. 

It is worth emphasizing the usefulness of the scaling of the 
magnetocaloric variables, as it allows their extrapolation to different 
fields, which might not be experimentally accessible. Moreover, the 
universal curves, also called “master curves”, allow the extrapolation 
of the whole magnetic entropy change curve to non-accessible 
magnetic fields [66]. 

4. Conclusions 

The formation and crystal structure of ternary rare earth inter-
metallics with stoichiometry R3CoNi have been studied. Besides the 
recently reported Gd3CoNi and Tb3CoNi, the new compounds with R 
= Dy, Ho, Er, Tm, and Lu have been identified; they are isomorphous, 
all crystallizing in the rhombohedral Er3Ni2-type structure. Both the 
lattice parameters and unit cell volume well follow the lanthanide 
contraction trend, with a nice linear decrease from Tb down to Lu. 
The magnetic and magnetocaloric properties of this novel inter-
metallic family R3CoNi (R = Tb, Dy, Ho, Er, Tm) have been studied in 
detail showing that they all present a paramagnetic to ferromagnetic 
transition at temperatures in the range 96–6 K, with different reor-
ientation transitions below the respective TC. The decrease in TC 

value from Tb to Tm compounds well follows the De Gennes scaling. 
The set of critical exponents (α, β, γ, δ) for this second order phase 
transition has been experimentally found for three cases: Tb3CoNi, 
with the result that it is close to the Mean Field model, implying that 
long range ordering interactions rule the transition; Dy3CoNi, be-
tween the XY-Chiral and Chiral Heisenberg; Ho3CoNi, close to the 
XY-Chiral model. These two last cases suggest that they are some 
kind of frustrated non-collinear ferromagnets. The whole family 
presents very competitive magnetocaloric properties in their re-
spective temperature ranges, with high magnetic entropy changes 
(from 12.8 to 18.5 J/Kg.K at μ0ΔH = 5 T) and refrigerant capacities 
(from 412 to 699 J/Kg at μ0ΔH = 5 T); these results indicate the 

possibility of tuning the application range by a proper mixing of the 
rare earth ions. The scaling of the magnetocaloric variables (mag-
netic entropy change and refrigerant capacity) for Tb3CoNi, Dy3CoNi, 
and Ho3CoNi confirms the validity of the universality classes. Finally, 
universal curves for the magnetocaloric properties have also been 
found in these three cases. 
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