
Contents lists available at ScienceDirect 

Journal of Alloys and Compounds 

journal homepage: www.elsevier.com/locate/jalcom 

Large magnetocaloric effect in EuGd2O4 and EuDy2O4 

E. Palaciosa,b,⁎, R. Sáez-Puchec, J. Romeroc, Y. Doid, Y. Hinatsud, M. Evangelistia,b,⁎ 

a Instituto de Nanociencia y Materiales de Aragón (INMA), CSIC–Universidad de Zaragoza, 50009 Zaragoza, Spain 
b Departamento de Física de la Materia Condensada, Universidad de Zaragoza, 50009 Zaragoza, Spain 
c Departamento de Química Inorgánica, Universidad Complutense de Madrid, 28040 Madrid, Spain 
d Graduate School of Science, Hokkaido University, Sapporo 060-0810, Japan    

a r t i c l e  i n f o   

Article history: 
Received 10 June 2021 
Received in revised form 29 July 2021 
Accepted 1 September 2021 
Available online 7 September 2021  

Keywords: 
Magnetically ordered materials 
Rare-earth alloys and compounds 
Magnetocaloric 
Calorimetry 
Magnetic measurements 

a b s t r a c t   

Magnetization, heat capacity and direct measurements of the magnetocaloric effect show that EuGd2O4 and 
EuDy2O4 have a remarkably large magnetocaloric effect at cryogenic temperatures, owing to their high 
magnetic density and low ordering temperatures. The Gd derivative orders antiferromagnetically at TN 

= 4.6 K, while its magnetocaloric effect largely exceeds that of the reference refrigerant Gadolinium Gallium 
Garnet (GGG) above 5 K. The Dy derivative undergoes two phase transitions at TC1 = 3.65 K and TC2 = 4.7 K, 
respectively, which are the result of a peculiar magnetic arrangement: the first Dy sublattice is parallel to 
the crystallographic c-axis, while the Eu sublattice makes a variable angle from 0o to 45o with the direction 
of the second Dy sublattice that lies in the ab-plane. EuDy2O4 has a lower magnetocaloric effect than 
EuGd2O4, yet larger than GGG. Both ordering mechanisms are semi-quantitatively explained within the 
frame of a mean-field simulation, which takes into account the magnetic anisotropy strength of the par
ticipating magnetic ions. 

© 2021 The Author(s). Published by Elsevier B.V. 
CC_BY_NC_ND_4.0   

1. Introduction 

Magnetic ordering determines how magnetic entropy is released 
as a function of temperature and applied magnetic field. By properly 
synthesizing and/or selecting materials and their constituent ele
ments, one can adjust the magnetic interaction and anisotropy in 
order to optimize the magnetocaloric effect (MCE) for the working 
temperatures of the target application. A ferromagnet is the most 
evident case, since a weak or moderate applied magnetic field pro
duces a large change in the isothermal entropy variation ΔST near its 
Curie temperature TC. In the paramagnetic state and for a weak ex
ternal magnetic field variation from zero to B, ferromagnetic corre
lations lead to ΔST ≃ −(1∕2)CB2∕(T − TC)2, where C is the Curie 
constant [1]. These entropy variations are larger than that produced 
by the absence of magnetic interactions, i.e., in the limit of magne
tically diluted spins. As an example case of a ferromagnet at cryo
genic temperatures, EuS orders at TC = 16 K and has a remarkable 
maximum isothermal entropy increment ∣ΔST,max∣ ≃ 54 Jkg−1K−1 for 
B = 8 T [2–4]. Unfortunately and inherently to any ferromagnet, the 
MCE diminishes drastically at temperatures well below TC as the 

magnetization becomes spontaneously saturated, hence inhibiting 
application at low temperatures. An interesting and yet poorly ex
plored situation is when two sublattices coexist, of which only one 
orders ferromagnetically at relatively high temperature. Besides any 
external B, the paramagnetic sublattice experiences also the internal 
field generated by the ferromagnetic exchange, hence resulting in an 
effective enhancement of the MCE. As an example of such polar
ization, GdCrO4 has ∣ΔST∣  >  20 Jkg−1K−1 between relatively low 5 K 
and up to 35 K, for B = 9 T [5,6]. 

Antiferromagnetism has a somewhat similar, but worse, behavior 
than ferromagnetism, although it can open a different avenue for 
attaining a large MCE at low temperatures. Below the anti
ferromagnetic critical temperature TN, ∣ΔST∣ diminishes similarly as 
for a ferromagnet, even inverting sign (ΔST > 0) for B smaller than the 
spin-flop transition field and applied parallel to the magnetic or
dering direction. In the paramagnetic state and for weak B, anti
ferromagnetic correlations also reduce the MCE [7], as they lead to 
ΔST ≃ −(1∕2)CB2∕(T + θ)2, where θ is the Curie-Weiss temperature. 
However, antiferromagnetic coupling can be particularly desirable 
when all antiferromagnetic interactions present in the spin system 
cannot be simultaneously satisfied, resulting in spin frustration [8]. 
The Curie-Weiss temperature of a geometrically frustrated magnet 
can be significantly larger than TN, that is, frustration can extend the 
temperature range of paramagnetic-like behavior. This can ulti
mately facilitates large MCE at low temperature [9–12–15]. 
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Gadolinium Gallium Garnet (GGG), i.e. Gd3Ga5O12, is an archetypal 
frustrated magnet, in addition to being the reference magnetic re
frigerant material because of its strong MCE between ca. 1 K and 
10 K, which is routinely exploited in commercial demagnetization 
refrigerators. In spite of having a relatively large magnetic density 
and antiferromagnetic correlation strength of θ ≈ 2 K, GGG shows no 
magnetic phase transition down to ≈25 mK under zero applied 
magnetic field [16]. In GGG, ∣ΔST∣ reaches 39 Jkg−1K−1 for B = 5 T and 
T = 2.55 K, although it decays significantly at higher temperatures, 
e.g., 15 Jkg−1K−1 at 10 K and 5.3 Jkg−1K−1 at 20 K [17]. 

The isostructural family of rare-earth ferrite-type AR2O4 com
pounds (A = Sr, Ba; R = rare earth or Y) is another example of a 
frustrated spin system [18–21–24,25]. Its structure consists of lad
ders of triangular rungs made of R3+ ions. An interesting possibility 
for increasing the magnetic density of this spin system is by repla
cing the alkaline-earth element by Eu2+, which ultimately leads to 
long-range ordering temperatures below 5 K [26]. Eu2+ has the same 
electron configuration and magnetic behavior of Gd3+, which is often 
present in magnetocaloric materials because of its zero orbital an
gular momentum and largest entropy per single ion. However, Eu2+ 

and Gd3+ differ drastically to one another as regards their chemical 
properties. Eu2+ has a larger ionic radius ri(Eu2+) = 1.17 Å (for co
ordination VI), comparing to ri(Gd3+) = 1.08 Å, and different charge, 
allowing Eu2+ to be at crystal sites where Gd3+ cannot. Therefore, the 
so-obtained EuR2O4 is potentially very attractive in terms of MCE. 
Hereafter, we focus on EuGd2O4 and EuDy2O4, for which we present 
direct and indirect measurements of their MCE, namely magneti
zation and heat capacity. These two compounds represent the ex
tremes of low and high magnetic anisotropy, respectively, which 
ultimately explains the very different experimental results. Antici
pating some of the results, EuGd2O4 orders antiferromagnetically, 
although it presents dominant ferromagnetic correlations (negative 
θ) that produce a relatively large MCE also in the paramagnetic state. 
The behavior of the Dy compound is accounted for by two perpen
dicular Dy sublattices, similar as it occurs in SrDy2O4 [27]. For both 
sublattices, each Dy3+ ion carries an Ising s = 1∕2 pseudo-spin with a 
moment of 10 μB. The isotropic Eu2+ ions are polarized by both Dy 
sublattices. A simplified mean-field calculation supports these pic
tures. Overall, both materials show very large values of cryogenic 
MCE, especially the Gd derivative. 

This paper is organized as follows. Section 3 provides a brief 
description of rare-earth ferrite-type compounds. Section 4 com
bines results of magnetization M and direct-current magnetic sus
ceptibility χ. Section 5 is devoted to heat capacity at constant 
magnetic field and zero pressure, Cp,B, and to the entropy deduced 
from it. Section 6 deals with the MCE, deduced from magnetization 
and heat capacity data, and directly measured. Finally, A describes 
the original technique we employ to determine directly ΔST and B 
describes the mean-field calculations. 

2. Experimental methods 

2.1. Sample preparation and structural characterization 

Samples of EuGd2O4 and EuDy2O4 were prepared according to a 
procedure that some of us described in Ref. [26]. We verified that the 
compounds had the expected crystal structure by X-ray powder 
diffraction on a Philips X′Pert PRO ALPHA 1 (Panalytical) instrument, 
equipped with a Germanium monochromator (Cu Kα1); data were 
collected from 2θ = 10∘ to 110∘, with a step of 0.017∘, over a period 
of 12 h. 

2.2. Magnetization and magnetothermal measurements 

Isothermal direct-current (DC) magnetization data were col
lected for powder samples, using a Quantum Design Physical 

Property Measurement System (PPMS), for temperatures T down to 
2 K and applied magnetic fields B up to 9 T. The relative error in the 
measurements is lower than 1%. The samples have a shape of a cy
linder with a length-to-diameter ratio of approximately 3, corre
sponding to a demagnetizing factor Nd ≃ 0.13, taken into account for 
estimating the real field acting on the sample: μ0H = B − Ndμ0MV, 
where MV is the magnetic moment per unit of volume. 

The heat capacity Cp,B was measured by the relaxation method at 
constant magnetic fields from 0 to 9 T, using a PPMS. The sample was 
in the form of flat cylinder of compressed powder tablet. The mag
netic field was applied parallel to the base of the tablet to minimize 
overheating by eddy currents in the measuring system (the samples 
are electrically insulators). The corresponding higher demagnetiza
tion factor of Nd ≃ 0.2, with respect to that used for the magnetic 
measurements, produces systematically slight differences in the 
magnetocaloric parameters deduced from heat capacity when 
compared with those deduced from magnetization. 

Direct measurements of the isothermal entropy variation ΔST 

were performed using a sapphire plate to which a Cernox (CX-1010) 
resistance thermometer was attached, installed in the same PPMS 
setup employed for heat capacity. As per the heat capacity mea
surements, the sample consisted of a pressed pellet and the mag
netic field was applied parallel to the plate to minize overheating by 
eddy currents. A provides further details on this measuring tech
nique. 

3. Rare-earth ferrite-type compounds 

The AR2O4 compounds (A = Sr, Ba, R = rare earth or Y) have the 
crystal structure of orthorhombic CaV2O4 (Fig. 1) or that of ferrite 
CaFe2O4, space group Pnam, with c ≪ a, b [22]. There are two in
equivalent sites in the asymmetric unit for the R atoms, named after 
Ref. [18] as R1 at position (0.42, 0.11, 1∕4) and R2 at (0.42, 0.61, 1∕4), 
in units of the cell parameters. Both atoms R1 and R2 form separately 
ladders made of rungs with a triangular arrangement in which the 
distance between first and second neighbors is almost equal (Fig. 1). 
Also the exchange between nearest and next-nearest neighbors has 
similar magnitude. The interaction in the V or R compounds is an
tiferromagnetic. Therefore, this system is highly frustrated. Because 
of the frustration and the low dimensionality, these compounds 
order at very low temperatures or do not order at all within the 
investigated temperatures. For example, BaGd2O4 orders anti
ferromagnetically at TN = 2.6 K [19]. As a further example, SrGd2O4 

orders at 2.73 K [28], and has a large MCE of up to 
∣ΔST,max∣ = 27 Jkg−1K−1 at 3 K, for a magnetic field increment from 0 
to 7 T [25]. 

Some of us [26] have synthesized EuR2O4 with R = Gd and other 
rare-earth elements, from Dy to Lu. All of these compounds have the 
CaV2O4 structure, with very similar structural parameters and 
magnetic ordering temperatures ranging from 4.7 K for R = Ho to 
6.3 K for R = Yb. Because of the presence of non-magnetic Lu3+, 
EuLu2O4 allows to single out the interactions between the Eu2+ ions. 
The Eu2+ ions form chains parallel to the crystallographic c-axis, 
having an intra-chain distance of 3.34 Å that is significantly shorter 
than the distance of 5.50 Å between nearest chains. The para
magnetic susceptibility follows the Curie-Weiss behavior χ = C∕(T + 
θ) with θ ≃ −3.6 K, indicating dominant ferromagnetic correlations 
(see Fig. 8-a in Ref. [26]). However, the long-range magnetic order 
that takes place below TN = 5.7 K is antiferromagnetic. The proposed 
magnetic structure consists of antiparallel-aligned ferromagnetic 
chains of Eu2+ ions, with moments pointing along the c-axis [26]. 

4. Magnetization and magnetic susceptibility 

Figs. 2 and 3 show the temperature-dependencies of the molar 
magnetization M and magnetic susceptibility χm = M∕H for EuGd2O4 
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and EuDy2O4, respectively. For both compounds and low fields, M 
increases on descending temperature until a maximum is reached 
near the temperatures where long-range magnetic order takes place 
(TN = 4.6 K for EuGd2O4, TC1 = 3.65 K and TC2 = 4.7 K for EuDy2O4, see  
Section 5). 

4.1. EuGd2O4 

Below TN, the susceptibility measured for 0.1 T decreases down to 
2/3 of the maximum (Fig. 2), in accord with the value expected for a 
powder sample with random orientation of the grains. For fields 
higher than 3 T, M does not decrease at low temperature. This fact is 
interpreted as due to a transition from antiferromagnetic to spin- 
flop state at low temperatures. Due to the weak anisotropy of Gd the 
spin-flop transition occurs at moderate values of the field. Magne
tization reaches the saturation of M = 21NAμB at low temperatures 
and high fields. 

Above 10 K, the susceptibility of EuGd2O4 follows the 
Curie-Weiss dependence χm = C∕(T + θ) with θ = − 5.9 K and 
C = 21.8 cm3Kmol−1, which compares well with the value ex
pected for three non-interacting s = 7∕2 spins per formula unit, 
i.e., µ+ =s s g N k m ol3 ( 1) (3 ) 23.6 c KmA B B

2 2 3 1 (Fig. 2). The nega
tive value of θ indicates dominant ferromagnetic correlations in 
the paramagnetic phase, which happen to be stronger than the 
Eu-Eu interaction in EuLu2O4 [26]. Considering that the R-R in
teraction in SrR2O4 and BaR2O4 is antiferromagnetic (see Section 
3), one has to conclude that the presence of Gd3+ ions should 
enhance the ferromagnetic Eu-Eu interaction in EuGd2O4. 

However, the Eu-Eu interaction promotes quasi-one-dimensional 
ferromagnetic fluctuations and, therefore, it cannot solely ac
count for the phase transition. On decreasing temperature, when 
the intrachain correlation length is high enough, a weak inter
chain interaction would align the chains antiparallel, giving the 
antiferromagnetically ordered configuration. 

4.2. EuDy2O4 

At low temperature, M decays for all fields up to 7 T (Fig. 3). This 
different behavior, with respect to the Gd compound, is interpreted 
as due to the high magnetic anisotropy. Crystal-field levels of two 
inequivalent Dy3+ ions have been determined for SrDy2O4 by in
elastic neutron scattering [27]. We assume the same values for 
EuDy2O4, because the nearest-neighboring O2− ions are at very si
milar positions in both materials. For Dy1 (Dy2), the first excited 
doublet is 4 meV = 46.4 K (29 meV = 333.6 K) above the ground 
doublet. Both values are much higher than any temperature and 
energy considered here. Therefore, a spin-flip transition should be 
expected to occur in EuDy2O4, that is, a direct transition from anti
ferromagnetic to paramagnetic phase with increasing parallel field, 
without any intermediate spin-flop phase. A rough estimate of the 
spin-flip field Bsf can be given for T → 0. Simplifying to a pair of 
collinearly ordered Dy3+ moments μ and considering zero exchange 
energy when the spins are randomly oriented, the spin flip occurs 
when the sum of the Zeeman and exchange energy of the anti
ferromagnetic state (E↑↓ = + μBsf − μBsf − Eexch = − Eexch) equals that of 
the spin-flipped configuration (E↑↑ = −2μBsf + Eexch), that is, μBsf 

= Eexch. Assuming Eexch ≃ kBTN, we obtain Bsf ≃ 0.7 T for a magnetic 
moment μ = 10μB, taken from the closely related pyrochlores [29]. 

Fig. 1. Structure of EuR2O4, according to parameters refined from powder X-ray dif
fraction data, together with the antiferromagnetic spin configuration in six sub
lattices, as proposed for R = Gd at low temperature (see Section 7.1). Oxygen atoms, at 
intermediate sites between metal ions, are omitted for clarity. Shortest distances are 
indicated by links. Color code for individual atoms: Eu, red; R1, yellow; R2, blue. Color 
code for distances: Eu-Eu, black; Eu-R1, red; Eu-R2, green; R1 − R1, blue; R2 − R2, 
magenta. The blue and magenta links show the arrangement of R1 and R2 in two 
similar but symmetry independent ladders of triangular rungs. 

Fig. 2. For EuGd2O4, temperature-dependence of the molar magnetization M (top) for 
selected B values, as labelled, and the molar magnetic susceptibility χm (bottom, filled 
symbols) and its inverse (bottom, open symbols), collected for a DC applied magnetic 
field of 0.1 T. Shown also is the fit to the Curie-Weiss law (dashed line), in addition to 
the phase transition temperature, as obtained from the heat capacity data (Section 5). 
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This value compares well with, e.g., Bsf = 0.57 T reported for DyPO4 

that has a similar long-range ordering temperature [30]. Because of 
the random orientation of the grains in powder sample, only one 
component of external B triggers the spin-flip transition for each 
grain. We observe that applied fields of up to 7 T are not sufficient for 
all grains and a fraction of them still remain in the antiferromagnetic 
phase, causing the decrease of M with lowering T at the lowest 
temperatures. Furthermore, anticipating Section 7, the Dy1 and Dy2 
sublattices order perpendicularly with respect to one another. For 
this reason, and because of the random orientation of the grains, the 
expected saturation magnetization of ≈27NAμB is never reached ex
perimentally. 

In the paramagnetic state, the susceptibility of EuDy2O4 behaves as 
that of a ferrimagnet and can be fit to the N é el-type hyperbola 

= +T C T1 ( ) ( )m [31]. At high temperatures, the net 
magnetization and the molecular field are weak. Spins are polarized 
parallel to an external field, although the antiferromagnetic interaction 
between them reduces the susceptibility with respect to a paramagnet. 
At lower temperatures but still above , the spins align antiparallel 
with an external magnetic field (see B.1 for the corresponding mean- 
field calculation), while still giving a net moment. At =TC , 1∕χm is 
expected to drop to zero. The N é el-type hyperbola is plotted in Fig. 3 
along with the experimental data, for θ = 9 K, C = 37.5 cm3Kmol−1, 
ζ = 0.9 cm−3K−1mol and = 3.5 K. The Curie-Weiss law for θ = 9 K and 
C = 37.5 cm3Kmol−1 is also plotted, for comparison. Note that the be
havior of 1∕χm for T → ∞ gives the Curie constant C, which is about 
one half of the value expected for one Eu2+ spin s1 = 7∕2, g1 = 2 and two 
Dy3+ Ising pseudo-spins s2 = 1∕2, g2 = 20 per formula unit, i.e., 

µ+ + + =g s s g s s N k m ol[ ( 1) 2 ( 1)] (3 ) 82.8 c KmA B B1
2

1 1 2
2

2 2
2 3 1. This large 

discrepancy can be explained by taking into account that the sus
ceptibility of a powder sample is (χ∥ + 2χ⊥)∕3 ≃ χ∥∕3, where χ∥ and χ⊥ 

are the parallel and perpendicular components, respectively, and that 
Dy1 and Dy2 form two perpendicular sublattices, as discussed in  
Section 7. Assuming that a perpendicular applied magnetic field cannot 
polarize an Ising spin at all, one would then expect 

µ= + + + =C g s s g s s N k m ol[ ( 1) (2 3) ( 1))] (3 ) 32.8 c KmA B B1
2

1 1 2
2

2 2
2 3 1. The 

experimental value is somewhat higher, likely because χ⊥ might not be 
exactly zero for the Dy sublattices, especially at the high temperatures 
where the Curie-Weiss law is obeyed. In fact, the crystal-field excited 
doublet of Dy1 is at 46.4 K, indicating that the sublattice would deviate 
from the ideal Ising behavior near or above this temperature. Finally, it 
should be noted that the susceptibility of a sample having a net mag
netization is limited at high values by the demagnetization field, as 
particularly evident at low temperatures. Therefore, the experimental 
1∕χm does not reach zero, rather it decays to a minimum value, iden
tified with the Curie temperature TC2 ≃ 4.5 K, as can be seen in Fig. 3. 

5. Heat capacity 

Figs. 4 and 5 show the temperature-dependencies of the heat 
capacity Cp,B and entropy S for EuGd2O4 and EuDy2O4, respectively. 
For both compounds, we estimate the phonon contribution by using 
Cp of the isostructural non-magnetic compound MgAl2O4 [32], after 

Fig. 3. For EuDy2O4, temperature-dependence of the molar magnetization M (top) for 
selected B values, as labelled, and the molar magnetic susceptibility χm (bottom, filled 
symbols) and its inverse (bottom, open symbols), collected for a DC applied magnetic 
field of 0.1 T. Shown also are the fits to the Curie-Weiss (dashed line) and Neel-type 
hyperbolic (solid line) laws, in addition to the phase transition temperatures, as ob
tained from the heat capacity data (Section 5). 

Fig. 4. Temperature-dependence of the molar heat capacity (top) and molar entropy 
(bottom) of EuGd2O4, collected for several applied magnetic fields, as labelled. Shown 
also are the lattice contributions, as obtained from MgAl2O4 (open symbols) and 
calculated from the Debye model for TD = 351 K (green lines), together with the mean- 
field calculations for B = 0 (black lines) and 7 T (red lines). The dashed line is the high- 
temperature limit of the magnetic entropy for three s = 7∕2 spins per formula unit, 
i.e., =S T R( ) 3 ln(8)m . 
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applying a scale factor in temperature to take into account the dif
ferent atomic masses of the elements, specifically, Cph 

(EuR2O4, T) ≃ Cp(MgAl2O4, 2T). Alternatively, the phonon contribu
tion can be obtained as a Debye function CV,Deb with the character
istic temperature TD ≃ 351 K, determined from the speed of sound 
for BaY2O4 [33], which is close to EuR2O4 in molar mass. The function 
21 × CV,Deb(T∕TD) matches the data of Cp(MgAl2O4, 2T). From the 
comparison with the experimental data, it is clear that the experi
mental heat capacity of both compounds is essentially magnetic 
below 20 K because the phonon contribution is significantly smaller. 

5.1. EuGd2O4 

The zero-field heat capacity of EuGd2O4 (Fig. 4, top panel) has a 
peak at TN = 4.6 K that can be associated with antiferromagnetic 
order [26,34], as also deduced in Section 4.1. This peak is not the 
typical lambda-type anomaly and its height is about half the value of 
the mean-field calculation B.2. The experimental heat capacity re
mains relatively large well above TN, denoting the presence of short- 
range order due to the quasi-1D character of the exchange interac
tions between Eu2+ ions. 

In spite of the ferromagnetic Curie-Weiss behavior, the applied 
magnetic field dependence of the heat capacity indicates clearly 
antiferromagnetic ordering below TN. The peak is insensitive to weak 
fields and decreases in temperature and height for stronger fields, 
theoretically above the spin-flop (SF) field. The transition between 
the SF and paramagnetic phases at constant applied field is accom
panied by a small entropy content, hence Cp has a small peak along 
with a round shoulder, similar to the Schottky contribution of a 
paramagnet in applied field. At high fields, the fading of the mag
netic peak reveals the onset of another peak centered at 5.7 K that is 
field independent up to the maximum accessed field of 7 T. Although 
it occurs near the temperature of maximum susceptibility, it is dif
ficult to ascribe it to a magnetic transition and it is likely due to an 
impurity in the sample. 

The entropy (Fig. 4, bottom panel) has been deduced by the in
tegration 

=S T B
C T B

T
T( , )

( , )
d .

T p

0 (1) 

To determine the absolute entropy for B = 7 T, the experimental data 
have been extrapolated for T → 0 by the mean-field calculation. 
Regardless, the entropy is very small at low temperatures, as ex
pected from the magnetization that approaches saturation (Fig. 2). 
By making use of S(T, 7 T) and the experimental entropy differences 
ΔST, deduced from magnetization (see Section 6), we remove any 
uncertainty in the determination of the absolute entropy for the 
other applied field values. 

At relatively high temperature, the zero-field entropy is lower than 
the expected limit = + = =S T R s( ) 3 ln(2 1) 3 ln(8) 6.24m , 
corresponding to three spins s = 7∕2 per formula unit. For instance, 
the experiment provides S(T, B = 0)∕R = 5.5  ±  0.1 at T ≃ 20 K. The 
magnetic critical entropy fraction for zero field, i.e., 1 − Sm 

(TN, B = 0)∕Sm(T → ∞, B = 0) = 0.48, is relatively large because low- 
dimensional magnetic fluctuations extend towards high temperature, 
in accord with the heat capacity data. For comparison, the zero-field 
critical entropy fraction amounts to 0.20 in the case of the quasi-ideal 
three-dimensional Heisenberg magnet EuS [3]. 

5.2. EuDy2O4 

There are two sets of measurements of the heat capacity for 
EuDy2O4, with some overlap (Fig. 5). For B≥ 1 T (B≤2 T), the data have 

been measured in a 4He (3He) cryostat, i.e., above 2 K (0.35 K). The 
zero-field data can nicely be extrapolated to T → 0 by a AT3∕2 law, 
hence allowing to obtain the absolute entropy, using Equation 1. 
Note that the heat capacity of EuDy2O4 is completely different from 
that of EuGd2O4. The Dy compound has two sharp transitions at TC1 

= 3.65  ±  0.05 K and TC2 = 4.7  ±  0.1 K. Both peaks fade out for weak 
fields, which indicates ferro- or ferrimagnetism, in consonance with 
the χm data. The existence of two peaks in Cp,B with similar high 
entropy content indicates two weakly coupled systems, rather than 
an order-disorder transition followed by an order-order one within a 
single spin system. 

The contribution to Cp,B of the thermal population of the crystal 
field levels has been computed from the experimental data of 
SrDy2O4, determined by inelastic neutron scattering [27]. The crystal 
field splits the free Dy3+ ion manifold into 8 Kramers doublets. The 
magnitude of the splitting is different for Dy1 and Dy2, in such a way 
that the heat capacity of the excited crystal-field levels (CCF) is 
negligible for Dy2 in the temperature range of our study. The con
tributing CCF is mainly due to Dy1 crystal-field excited levels, but it is 
significant only above 7 K (Fig. 5). 

The zero-field entropy (Fig. 5, bottom panel) remains well below 
the limit of one spin s = 7∕2 (Eu) and two pseudo spins s = 1∕2 (Dy1 

Fig. 5. Temperature-dependence of the molar heat capacity (top) and molar entropy 
(bottom) of EuDy2O4, collected with a 3He cryostat (filled symbols) and a 4He cryostat 
(open symbols) for selected B values, as labelled. Only the low-field Cp,B data are 
plotted for clarity. Shown also are the contributions of excited crystal-field levels 
(blue line) and of the lattice, calculated from the Debye model (green line). The da
shed line is the high-temperature limit of the magnetic entropy of one s = 7∕2 spin 
and two s = 1∕2 effective pseudo-spins per formula unit, 
i.e., = + =S T R( ) ln(8) 2 ln(2) 3.47m . 
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and Dy2) per formula unit, for temperatures well above TC2. This 
behavior indicates short-range order, as typically encountered in a 
frustrated or low-dimensional system. In regard to which sublattice 
produces the peak at TC1 or TC2, it is difficult to separate the heat 
capacity or entropy of each subsystems, even for zero field. One 
could be tempted to ascribe one peak to Eu and the other to Dy, but 
the experiment shows that the peaks have similar entropy contents, 
while they should rather be 3/2 times larger for Eu with respect to 
both Dy together. This point will be discussed further in Section 7. 

6. Magnetocaloric effect 

The isothermal entropy variation ΔST, for the applied magnetic 
field change ΔB = B − 0, is obtained in the following three ways.  

• From magnetization data, integrating the Maxwell relation 

=

=

( ) ( )
( )S T B S T B S T B( , ) ( , ) ( , 0) d .

S
B T

M
T B

T
B M

T B0 (2)   

• From heat capacity, via the entropy calculation 

= =

+

S T B S T B S T

S T B S T T

( , ) ( , ) ( , 0)

( , ) ( , 0) d ,

T

T

T C T C T

T0 0
( ) ( )p B p

0

, ,0

(3) 

where T0 is a reference temperature at which ΔST is known pre
cisely. If Cp,B can be extrapolated at T → 0, the simplest option is to 
take T0 = 0, otherwise additional data or a theoretical estimation 
of ΔST(T0, B) are necessary.  

• From direct measurements, carried out for EuDy2O4, as detailed 
in A. 

The refrigeration capacity (RC), i.e., the amount of heat trans
ferred between cold (at T1) and hot (at T2) sinks in an ideal re
frigeration cycle, for ΔB = B − 0, is calculated as 

=C B S T B dTR ( ) ( , ) ,
T

T
T

1

2

(4) 

where the limiting T1 and T2 are obtained as the temperatures at the 
half maximum of the −ΔST(T, ΔB) curve. 

Lastly, the adiabatic temperature variation ΔTad, for ΔB = B − 0, is 
obtained from heat capacity, via the entropy calculation, as 

=T T B T T( , )ad for any =S T S T B( , 0) ( , ), that is, T is the initial 
and T the final temperature of the adiabatic magnetization 0 → B or, 
equivalently, T is the initial and T the final temperature of the 
adiabatic demagnetization B → 0. 

6.1. EuGd2O4 

Fig. 6 shows the values of ΔST and ΔTad obtained for EuGd2O4 and 
EuDy2O4. The Gd compound has an outstanding MCE, with max
imum values of −ΔST = 37.1 Jkg−1K−1 at T = 7.0 K, which corresponds 
to RC = 511.3 Jkg−1, and ΔTad = 17.1 K at T = 10.2 K, for a field variation 

Fig. 6. Temperature-dependence of the isothermal entropy variation (left) and adiabatic temperature variation (right) for EuGd2O4 (top) and EuDy2O4 (bottom), obtained from 
isothermal magnetization (open symbols) and heat capacity (filled symbols) data, in addition to direct measurements (linked symbols), for several applied field changes ΔB = B − 0, 
as labelled. Isothermal entropy variation data for ferromagnetic EuS (for 5 T, from Ref. [3]) and paramagnetic GGG (for 8 T, from Ref. [1]) are also shown for comparison. 
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from 0 to 7 T. The effect of high magnetic density is evident when 
SrGd2O4 reaches only a maximum of −ΔST = 27 Jkg−1K−1 at 3 K, for 
the same fields [25]. These results can be also compared to those of 
the reference compounds EuS and GGG. The ferromagnetic EuS has a 
much larger MCE at its TC, but −ΔST of EuS decays significantly at 
lower temperatures, becoming smaller than in EuGd2O4 for tem
peratures below ca. 12 K. The paramagnetic GGG has a strong MCE at 
very low temperature. Above 7 K, its −ΔST for 8 T almost overlap with 
that of EuGd2O4, but for 5 T. Considering that −ΔST is proportional to 
B2 at high temperature, this fact means that the present compound 
multiplies the MCE of GGG by (8∕5)2 ≈ 2.6. Below TC1 and for low 
applied fields, ΔST is positive and ΔTad is negative, as expected for an 
antiferromagnet below the spin-flop field. 

6.2. EuDy2O4 

The isothermal entropy variation of EuDy2O4 (Fig. 6) has been 
determined directly and from magnetization and heat capacity 
measurements. The direct measurements can be considered exact 
within ±  0.5 Jkg−1K−1 and the values obtained at 30.5 K were used to 
obtain the absolute entropies for high fields, rather than using the 
extrapolation for T → 0 of the heat capacity that gives worse preci
sion. Although the values of ΔST are generally lower than those for 
EuGd2O4, they still reach a respectable 27.8 Jkg−1K−1 at T = 6.1 K, 
which corresponds to RC = 393.6 Jkg−1, for a field variation from 0 to 
7 T, which is notably higher than ΔST of, e.g., GGG for 8 T and above 
10 K. This ΔST value is also higher than the maximum reached by 
SrGd2O4 for the same field variation, at 3 K [25]. For the same field 
variation of ΔB = 7 T, the maximum value of the adiabatic tempera
ture change is ΔTad = 13.0 K at T = 8.1 K. Increasing ΔB to 9 T leads to 
maxima of − ΔST = 33.3 Jkg−1K−1 at T = 7.0 K, which corresponds to 
RC = 567.4 Jkg−1, and ΔTad = 16.1 K at T = 8.2 K. The fact that two Gd3+ 

ions per formula unit, as in SrGd2O4, contribute less than the two 
Dy3+ and one Eu2+ ions in EuDy2O4 suggests that Dy3+ spin states 
other than s = 1∕2 are thermally populated at zero applied field. 

7. Discussion 

The magnetic properties of EuLu2O4, where Lu3+ has no magnetic 
moment, can be explained as due to a ferromagnetic exchange in
teraction between the nearest Eu2+ ions, lying in chains perpendi
cular to the m plane of the Pnam space group (Fig. 1), with a much 
weaker antiferromagnetic interchain interaction [26]. Therefore, 
there is a moderate spin-flop (or spin-flip) field, estimated to be 2 T. 
The easy direction of the magnetic moments is perpendicular to the 
mirror plane m (c-axis), likely determined by dipolar interactions. 
Differently in the series AR2O4, with A = Sr or Ba being a nonmagnetic 
alkaline-earth ion, the interaction is antiferromagnetic and there is 
not long-range magnetic order or it sets up at lower temperatures 
than accessed, well below 1 K, i.e., smaller than the respective Curie- 
Weiss constants. This behavior is clearly due to the frustration of the 
antiferromagnetic interactions, although the Curie-Weiss law has 
not necessarily to be obeyed by all rare-earth ions, when the thermal 
population of the excited crystal-field levels changes the magnetic 
moment with temperature. The simplest cases are, on an extreme, 
the quasi-isotropic Gd3+ and, on the other extreme, the strongly 
uniaxial rare-earths Dy3+ or Ho3+ that can be considered as quasi- 
ideal Ising pseudo-spins 1/2. 

7.1. EuGd2O4 

The presence of the magnetic and isotropic ion Eu2+ changes 
abruptly the behavior of EuR2O4. For the Gd compound, the sus
ceptibility and magnetocaloric effect show a Curie-Weiss behavior at 

high temperature, although the system orders antiferromagnetically 
at TN = 4.6 K, as for the Lu compound. Most likely, the ferromagnetic 
intrachain interaction between Eu2+ ions is dominant in the para
magnetic state, while the presence of Gd3+ ions reinforces anti
ferromagnetic correlations between chains. The proposed magnetic 
structure is formed by antiparallel-stacked ferromagnetic chains 
oriented along the c-axis (see Fig. 1 and Ref. [26]). The Gd3+ ions 
order in ladders that run parallel to the Eu chains. Within each 
ladder, the two Gd chains would align antiparallel to one another, 
resulting in one of the lowest energy configurations for the fru
strated intraladder antiferromagnetic interaction. Notably, this 
structure is compatible with all experimental data, i.e., susceptibility, 
heat capacity and magnetocaloric effect. 

We developed a mean-field calculation B.2 for the six sublattices 
indicated in Fig. 1, namely, A and D for Gd1, B and E for Gd2, C and H 
for Eu, all of them isotropic. The average moments either are along or 
opposite to the external field, a spin-flop phase is considered. A good 
agreement with the experiments can be found for JCC = JAC = JBC 

= 0.5 K, JAA = JAD = JBE = −0.2 K, and JAE = JBD = JBH = JCE = −0.1 K, and all 
other constants being zero. Several features observed in the ex
periments are also predicted by the model. For instance, the simu
lated system orders at TN = 5.1 K in the aforementioned magnetic 
structure. Furthermore, the calculated susceptibility obeys the Curie- 
Weiss law with θ = −4 K, as for a ferromagnet, and it decreases below 
TN. Unfortunately, mean-field approximation does not take into ac
count short-range order. Therefore, the calculated heat capacity 
drops quickly to zero above TN, the entropy at low fields is much 
higher than experimentally observed, and so is the simulated ∣ΔST∣. 

7.2. EuDy2O4 

The aforementioned spin configuration was proposed as the most 
probable for all EuR2O4 compounds in the series [26], but EuDy2O4 is 
more complicated. Neutron diffraction experiments and crystal-field 
calculations for SrR2O4 show that the Dy1 moments are in the ab- 
plane (mirror plane) and Dy2 moments in the c direction [27]. The 
crystal-field splitting for both sites is much higher than kBT below 
10 K (Fig. 5 shows the contribution to the heat capacity of the excited 
crystal-field levels). Therefore, Dy1 and Dy2 behave as Ising systems 
with pseudo-spin 1/2, but perpendicular to one another. The ex
change interaction is virtually zero, since the energy interaction 
Dy1-Dy2 does not change if all spins of one sublattice are inverted. It 
follows that each Dy sublattice behaves as independent, hence ex
plaining the existence of the two magnetic transitions, revealed by 
Cp,B data (Fig. 5). 

The nearest neighbors to Eu are two Dy2 ions at distances of 3.31 
Å and 3.36 Å, respectively, marked by green links in Fig. 1, and only 
one Dy1 at a longer distance of 3.57 Å, marked by red links in the 
same figure. All the three neighbors lie on the same m plane of 
the Pnam space group. The shortest Eu-Eu distance is 3.43 Å along 
the chain, parallel to the c-axis. The Eu-Dy2 distance is shorter than 
the Eu-Dy1 one and each Eu has two nearest Dy2 neighbors. An 
antiferromagnetic Eu-Dy interaction, in addition to the ferromag
netic Eu-Eu exchange (and dipolar) interaction, would explain a 
ferrimagnetic ordering of the Eu, Dy2 sublattices along the c-axis, 
and, ultimately, the transition at TC2. 

To gain insight on the magnetic ordering mechanism, specifically 
for TC1, we developed a mean-field calculation B.1 for three sub
lattices, namely, A, B, and C, respectively for Dy2, Dy1, and Eu atoms, 
characterized by sA = sB = 1∕2, gA = gB = 20 and sC = 7∕2, gC = 2. A is 
fixed along the z-axis, B along the x-axis and C is isotropic. The only 
non-zero exchange constants we set for this simplified model are JAC 

= −3.3 K, JBC = −3.0 K, and JCC =0.30 K, with Jij >  0 meaning ferromag
netic exchange. With these parameters, the observed transition 
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temperatures are well reproduced, so are the dependencies of 
magnetization, susceptibility and heat capacity with temperature 
and field, but, of course, not the entropy above TC2. At zero field and 
decreasing temperature, sublattice C is antiparallel to A just below 
TC2, with B still disordered. Below TC1, the angle between C and A 
increases with decreasing temperature, reaching ca. 45o at T = 0. The 
entropy at TC1, i.e., S(TC1)∕R, is a large fraction of the total entropy, as 
it also happens in the experiment. The A and B sublattices have 
minor contributions to the entropy. This explains why both heat 
capacity experimental peaks have similarly high entropy contents, 
since both anomalies can count with an important contribution of 
the Eu atoms. The peak at TC2 is ascribed to the mechanism of 
magnetic order involving Dy2 spins, together with the z-component 
of the Eu spins. Just below TC2, there is still a considerable disordered 
component in the x-plane that orders progressively with Dy1. A si
milar behavior has been observed in other compounds, like GdCrO4  

[5], although in this case the perpendicular component of the Gd 
moments order because of the direct Gd-Gd exchange, while the Cr- 
Cr and Gd-Cr interactions order the Cr spins along the c-axis and the 
parallel component of the Gd spins at a relatively high temperature 
TC = 21.3 K. For GdCrO4, the Gd-Gd interaction is much weaker than 
Gd-Cr and produces the ordering of the perpendicular component at 
the much lower temperature of TN = 4.6 K, below which, the parallel 
component is nearly saturated. Therefore, the entropy content of the 
anomaly is very small at TN. 

Further exploring the mean-field simulation, we observe that the 
net moment along the field direction (DC susceptibility) decreases at 
low temperatures and low fields, similarly as in the experiments. 
Magnetic saturation is reached for fields stronger in the simulation 
(e.g., μz = 16μB for Bz = 3 T) than in the experiments (Fig. 2, bottom 
panel). Regardless, the magnetic moment of μ = 18μB, experimentally 
observed for 2 K and 9 T, corresponds well with sublattices A and C 
parallel to the field, i.e., (gAsA + gCsC)μB = 17μB, with an extra small 
contribution from sublattice B that would be nearly perpendicular to 
the field. 

8. Conclusions 

EuGd2O4 and EuDy2O4 differ significantly from one another in 
terms of their magnetic and magnetocaloric properties. However, 
both materials have a strong magnetocaloric effect due to a higher 
density of magnetic moments than in SrR2O4 or BaR2O4 (R = rare 
earths). Given that the R-R exchange is antiferromagnetic and fru
strated, the magnetic behavior depends mainly on the Eu-R ex
change. For EuGd2O4, the magnetization and heat capacity data 
below TN = 4.6 K are supported by our mean-field simulation and 
consistent with the antiferromagnetic configuration proposed in Ref.  
[26]. Above TN, the ferromagnetic Eu-Eu interaction takes the 
dominant role, leading to a negative Curie-Weiss constant and, ul
timately, to an increase of the MCE with respect to an equivalent 
paramagnet. The isothermal entropy variation of EuGd2O4 reaches 
the maximum −ΔST = 37.1 Jkg−1K−1 at T = 7.0 K, which corresponds to 
RC = 511.3 Jkg−1, while its adiabatic temperature variation reaches 
the maximum ΔTad = 17.1 K at T = 10.2 K, all of them for a field 

variation from 0 to 7 T. Its MCE is even larger than that of well-es
tablished magnetocaloric materials, like GGG and EuS, for the tem
perature range between ≈5 K and 15 K, making this material very 
interesting for applications in cryogenic magnetic refrigeration. 

For EuDy2O4, Dy1 and Dy2 Ising spins form mutually perpendi
cular sublattices that order at TC1 = 3.65 K and TC2 = 4.7 K, respec
tively. The magnetic ordering mechanism is mainly dictated by the 
Eu-Eu ferromagnetic interaction, combined with the Eu-Dy1 and Eu- 
Dy2 antiferromagnetic ones. Mean-field simulation can give a 
semi-quantitative description of the measured heat capacity and 
magnetization. The maximum entropy value of this material, 
corresponding to one Eu2+ spin s = 7∕2 and two Dy3+ effective 
pseudo-spins s = 1∕2 per formula unit, is calculated as 

= + = =S R R g[2 ln(2) ln(8)] 3.47 53.3 Jk K1 1. However, the anti
ferromagnetic correlations, the strong Dy anisotropy and the per
pendicular alignment of the Dy1 and Dy2 sublattices, which reduces 
the net magnetization, impose a limitation to the isothermal entropy 
variation that, ultimately, reaches the more modest, yet large, values 
of − ΔST = 27.8 Jkg−1K−1 at T = 6.1 K, RC = 393.6 Jkg−1 and ΔTad = 13.0 K 
at T = 8.1 K, for varying B from 0 to 7 T, and − ΔST = 33.3 Jkg−1K−1 at 
T = 7.0 K, RC = 567.4 Jkg−1 and ΔTad = 16.1 K at T = 8.2 K, for varying B 
from 0 to 9 T. 

We foresee that other EuR2O4 compounds will be the subject of 
future investigations. One of the reasons is because both R ions 
might have the same direction for the uniaxial anisotropy, likely 
resulting in an even stronger MCE. Besides, anisotropic MCE attracts 
considerable interest because it allows cooling by rotating the 
sample in static magnetic fields [35–37]. 
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Appendix A. Direct determination of ΔST 

Fig. A.7 shows schematically the set-up employed for the direct measurement of the isothermal entropy variation ΔST. The sample is glued 
on a Al2O3 plate by a highly thermal conducting grease, namely, Apiezon N. On the bottom side, there is a calibrated resistance thermometer 
connected electrically to a 4-point ohmmeter and thermally to a bath at constant, controlled temperature T0. The wires also serve for me
chanical support of the plate. Heat diffusion of Al2O3 can be considered infinite in the temperature range of the experiments, 2 K  <  T  <  50 K. 

When the temperature of the sample is T T0, there is a heat flux =Q k T T( )0 from the bath, where k is the conductance of the wires 
measured separately in a calibration run, using a sample of oxygen-free copper. For the measurement of ΔST, a magnetic field is quasi-statically 
varied at a typical rate of 0.01 T/s. Therefore, the time evolution of the entropy change of the sample is 

= =S t
Q
T

t
k T T T

T
t( ) d

( )( )
d .

t t

0 0

0

(A.1) 

Fig. A.8 shows an example of a ΔS(t) measurement for EuDy2O4. The conductance k is essentially proportional to (T + T0)∕2 and for T0  >  2 K, 
∣T0 − T∣ is of some tens of mK. Therefore, the process is quasi-isothermal. In Fig. A.8, ΔST >  0 for low fields (inverse MCE) and ΔST  <  0 for high 
fields (normal MCE). The change in the slope of ΔS(t) is evident on demagnetization and has been assigned to a spin-flip transition at a field of 
Bsf ≃ 0.8 T, in good agreement with the estimation of 0.7 T given in Section 4.2. For a precise determination of ΔST, the field variation is stopped 
at several desired values, leaving T to relax to T0. When the final temperature is rigorously equal to the initial one, the entropy variation is 
entirely ascribed to the sample, without any effect of the addenda. This technique allows to study transitions at constant temperature. It is also 
possible to study irreversibility processes, revealed by a net heat release in an isothermal magnetization demagnetization cycle (e.g., hys
teresis), or cases in which the final state is different from the initial one, for the same temperature and field. 

Fig. A.7. Scheme of the set-up for the direct determination of ΔST.  

Fig. A.8. Time evolution of ΔST for a quasi-isothermal magnetization-demagnetization cycle for EuDy2O4.  
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B. Mean-field calculations 

B.1. EuDy2O4 

We aim at testing the spin arrangements proposed in the main text and, for the sake of simplicity, we first consider the case of EuDy2O4. 
Within a mean-field (MF) approximation, we model this system as consisting of three sublattices, namely, A and B made of Ising spins with 
directions parallel to z and x, respectively, and perpendicular to one another, and C with isotropic spins that can point in any direction within 
the xz-plane. The exchange constant between a spin in sublattice i and the nearest neighbors in sublattice j is symbolized as Jij. Since sub
lattices A and B are frustrated in EuDy2O4, only JAC, JBC and JCC are considered nonzero, to reduce the number of free parameters. If B = (Bx, 0, Bz) 
is the external magnetic field, the corresponding mean fields are: 

µ
µ

µ
µ

= + +
= + +
= + +
= + +

B B J s J s g

B B J s J s g

B B J s J s g

B B J s J s g

( cos ) ( )

( sin ) ( )

( sin ) ( )

( cos ) ( ),

A z AA A A AC C C A B

B x BB B B BC C C B B

Cx x CC C C BC B B C B

Cz z CC C C AC A A C B (B.1) 

where σi = 〈μi〉∕μi,s is the ratio of the thermal average of the moment at site i to the saturation μs,i = giμBsi, and = B Barcsin( )Cx C with 
= +B B BC Cx Cz

2 2 . Defining the dimensionless variable xi = gisiμBBi∕(kBT), the three MF equations are 

= =B x i( ), A, B, C,i s ii (B.2) 

where Bs(x) is the Brillouin function for spin s. The set of equations B.1 and B.2 can be solved iteratively on decreasing temperature, with initial 
seed σi given by the Curie law, or on increasing temperature, starting with the minimum energy configuration. Equations B.1 and B.2 frequently 
have several solutions (the most evident for B = 0 is σi = 0 at any temperature) and the iteration procedure leads to one of them, depending on 
the trial starting value. The lowest free-energy solution is determined at every temperature and the thermodynamic functions are then 
computed, following the standard MF approach. 

At zero applied field, the experimentally observed ordering temperatures TC2 and TC1 identify nicely with TCA = 4.65 K and TCB = 3.89 K, 
respectively, which are calculated for JAC∕kB = −3.3 K, JBC∕kB = −3.0 K and JCC∕kB = 0.3 K (Fig. B.9, top panel). The larger values of the calculated 
heat capacity below the ordering temperatures, with respect to the experimental result shown in Fig. 5, can be well explained by the presence 
of short-range order in EuDy2O4, which cannot be accounted for by the MF model. On decreasing temperature between TCA and TCB, the 

Fig. B.9. For EuDy2O4, mean-field calculation, at zero external field (top) and for Bx = 0, Bz = 0.2 T (bottom), of a three-sublattice ferrimagnet with moments of sublattice A along 
the z-axis, B along the x-axis and C isotropic. Left scale: Magnetization <μi>  and polarization σi =  <μi>  ∕μis, where μis is the saturation of the sublattice i = A, B, C. Right scale: 
Magnetic heat capacity at constant field CB∕R and entropy S∕R. μCz is opposite to μA below TCA, and μCx to μB below TCB, within the analyzed temperature range. 
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magnetization of sublattice B is zero and that of sublattice C is opposite to that of sublattice A, both in the z-direction. Below TCB, the 
magnetization of sublattice B increases and that of sublattice C develops an x-component, opposite to it. This component forms a variable 
angle with the z-axis, which nearly reaches 45o (since JAC ≃ JBC) at T = 0, i.e., when sublattices A and B are fully ordered. Note that the model 
predicts two transitions, even if the interactions A-C and B-C are of similar intensity. This point is endorsed by the group theory applied to the 
Landau expansion. The ordering of the A and B perpendicular sublattices corresponds to different irreducible representations. If both sub
lattices were parallel, they would correspond to the same representation and would order together, as occurring in EuGd2O4. There, the 
absence of magnetic anisotropy facilitates the polarization of the moments along the field direction. 

The heat capacity anomaly at TCA becomes rounded as a field is applied along the z-direction (Fig. B.9, bottom panel), so does the anomaly at 
TCB as the field is applied along the x-axis. Above TCA and in the temperature range shown in Fig. B.9, the average moment of sublattice C is 
antiparallel to sublattices A or B, depending on field direction. At higher temperatures, the polarization is very small and the exchange field is 
negligible with respect to the external field. For instance, for Bz = 0.2 T and Bx = 0, the moments of sublattices A and C orient parallel to the field 
above 8.2 K and the susceptibility χ obeys a Curie-Weiss law with positive θ. A similar behavior is also obtained for B in the x-direction 
(Fig. B.10). 

B.2. EuGd2O4 

For modeling the properties of EuGd2O4, we consider a system of 6 sublattices, namely, A and D for Gd1, B and E for Gd2, C and H for Eu. All 
spins are treated as isotropic. The thermal average moments are oriented either parallel or antiparallel with respect to the external field, B (z- 
axis). There are 21 different exchange constants between nearest neighbors, which can be reduced by symmetry to those indicated by different 
types of links in Fig. 1. 

The mean field at site i is 

µ
= +B B

g
J s

1
,i

i B
ij j j

(B.3) 

for every i, j = A, B, C, D, E, H. The average moment is computed iteratively using equations B.2 and B.3 for the 6 sublattices. The partition 
function and other thermodynamic functions are computed in the same manner as for EuDy2O4. The exchange constants Jii represent the intra- 
chain interactions and several symmetry relations can be identified, namely, Jij = Jji, JDD = JAA, JEE = JBB, JHH = JCC, JAC = JDH, JBC = JEH. Fitting all the 
remaining free constants using the experimental data is impossible. Therefore, a simplification is made, based on the pseudo-symmetry 
(similar distances) of the crystal lattice, that is, JCC = JAC = JBC  >  0, JAA = JAD = JBE  <  0, JAE = JBD = JBH = JCE  <  0, and any other exchange is taken as 
zero. This set of exchange constants corresponds to a ferromagnetic (antiferromagnetic) interaction between each Eu2 + ion and its nearest 
Eu2+ (Gd3+) ion. 

A good agreement with the experimental data is obtained for JAA = −0.1 K, JCC = 0.5 K and JAE = −0.1 K. These interactions produce an anti
ferromagnetic configuration at low temperature and zero field, where sublattices A, B, and C point up and sublattices D, E, and H down, as 
shown in Fig. 1. The magnetic polarization of each sublattice is drawn in Fig. B.11 (top panel), together with the susceptibility of the system 
(middle panel) that follows the Curie-Weiss law at high temperature, with θ ≃ −4 K, as proper of a ferromagnet and in agreement with 
experimental observation. The ordering temperature is computed to occur at TN = 5.1 K, also in close agreement with experiments. The cal
culated heat capacity (bottom panel) is more sensitive to the field than the experimental one. Similarly, the calculated entropy increases faster 
than in the experiments. As for EuDy2O4, the likely reason of these discrepancies is that short-range order is not taken into account by the MF 
model, as also evident in the sudden drop of the calculated heat capacity above TN. 

Fig. B.10. For EuDy2O4, molar magnetic susceptibility (left) and its inverse (right), obtained from the mean-field model for three sublattices A, B and C, for a magnetic field of 0.2 T 
applied along the x and y directions, as labelled. 
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