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Abstract 

We describe magnetic, thermal, and magnetocaloric properties of rare earth intermetallic 

compounds TmxDy1−xAl2 with 𝑥 = 0.25, 0.5 and 0.75. Using model Hamiltonian we consider 

contributions of the crystalline electric field anisotropy in both Tm and Dy magnetic sublattices, 

disorder in exchange interactions among Tm-Tm, Dy-Dy and Tm-Dy magnetic ions, and the 

Zeeman effect. Employing earlier reported and new experimental measurements, we first 

determine a single free variable – the intersublattice magnetic exchange parameter – to properly 

model the temperature and magnetic field dependencies of heat capacity and magnetization, and 

then use the modeling results to explain the emergence of an anomalous spin reorientation 

transition and its influence on the magnetocaloric effect in the title compounds. Theoretical results 

agree with experimental data reasonably well. 
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1. Introduction 

 

Refrigeration technologies in use today are primarily based on a vapor-compression cycle that 

utilizes volatile liquids, such as hydrofluorocarbons (HCFCs). As a result, routine releases of 

conventional refrigerants, some of which have the global warming potential orders of magnitude 

higher than carbon dioxide, into the atmosphere from the aging cooling equipment and from 

accidents are all but inevitable. One of the grand challenges for the modern science and technology 

is, therefore, finding a suitable replacement for the vapor-compression, for example by developing 

approaches that can employ solid refrigerants as environmentally benign alternatives to HCFCs. To 
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assist with this goal, it is necessary to discover novel refrigerant (caloric) solids, which will enable 

cost-effective and energy-efficient solid-state refrigeration [1–8]. 

Performance of caloric materials is typically characterized by two thermodynamic parameters, 

namely isothermal entropy change (∆𝑆𝑇) and adiabatic temperature change (∆𝑇𝑎𝑑), which are 

reported for a given external field change across the potential working temperature window of a 

cooling system. The actuating external field can be magnetic, then thermal response of a solid is 

known as magnetocaloric effect (MCE) [9, 10], electric (electrocaloric effect) [11], pressure 

(barocaloric effect) [12], and stress (elastocaloric effect) [13].  The last two phenomena together are 

also called mechanocaloric effects.  Among the different kinds of caloric effects, the most broadly 

studied is MCE, which dates back to 1917 when Weiss and Piccard [14] reported a reversible 

temperature change in elemental nickel close to its Curie temperature, rationalized later by Debye 

[15] and Giauque [16]. The first application of the phenomenon was demonstrated in the cryogenic 

regime by Giauque and McDougal [17], and it is now common in laboratory setting to reach 

millikelvin temperatures. Following the discovery of the giant magnetocaloric effect in Gd5Si2Ge2 

in 1997 [18], the focus has shifted to identifying new solids for potential use as refrigerants in devices 

operating near room temperature [6, 19–22]. Regardless of the temperature range or the application, 

there remains a strong interest in understanding fundamental physical behaviors of magnetic 

materials through determination and analysis of their magnetocaloric properties with the goal to both 

understand experimental results and accelerate development of new materials [7, 8, 23]. 

One family of compounds that has emerged as an excellent model system for theoretical and 

experimental investigations of magnetocaloric behavior is RAl2, where R is one or more of 16 

naturally occurring rare earth elements. Here, localized 4f magnetic moments are associated 

exclusively with the R-sites in highly symmetric and nearly isotropic cubic crystal lattices that 

support long-range ferromagnetism with the exception of R = Sc, Y, La, and Lu. Further, 

dialuminides of rare earths are relatively easy to synthesize in both polycrystalline and single-

crystalline forms.  Finally, a number of reports describe interesting physical behaviors of both binary 

RAl2 compounds and pseudobinary R1−xR′xAl2 solid solutions, showing  the important contributions 

of the crystalline electric field (CEF) anisotropy on the magnetic and magnetocaloric properties of 

these compounds [24–26]. 

In this work, we report theoretical and experimental investigation of how magnetocrystalline 

anisotropy affects magnetism and magnetothermal behavior, and MCE in the ferromagnetic 

pseudobinary system Tm𝑥Dy1−𝑥Al2 with x = 0.25, 0.5 and 0.75. The properties of the binary parents 

(x = 0 and x = 1.0) have already been broadly studied both experimentally and theoretically [27–31]. 

The three studied compounds exhibit high magnetocaloric effects between 47.9 K for 𝑥 = 0.25  and 

15.8 K and for 𝑥 = 0.75, respectively [32]. It was predicted that DyAl2 should exhibit strong 

anisotropic MCE around its spin reorientation temperature, TR, exceeding conventional 

magnetocaloric effect around its Curie temperature, TC [33]. For TmAl2 there is experimental 

evidence [34] of a spin reorientation transition below 𝑇𝐶, but it vanishes in the investigated 

intermediate Tm𝑥Dy1−𝑥Al2 compounds with 𝑥 = 0.25, 0.50 and 0.75 [32].  Making use of a 

microscopic theoretical model, which includes magnetic exchange, CEF, and Zeeman interactions, 
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we predict anisotropic magnetization and spin reorientations in both the Tm and Dy sublattices, and 

validate theoretical predictions of magnetocaloric effect with experiments. 

 

2. Experimental  

 

Polycrystalline samples used for heat capacity measurements were taken from the same alloys 

that were originally described in reference [32]. The heat capacity was measured using the relaxation 

technique in a Quantum Design, Inc. Physical Property Measurement System (PPMS). The 

measurements were performed between 2 and 100 K for 𝑥 = 0.25 and between 2 and 80 K for 𝑥 = 

0.50 and 0.75 in magnetic fields μ0H = 0, 1, and 2 T, where μ0 is the magnetic permeability of vacuum 

and 𝐻 is the magnetic field strength. The zero field data, as expected, match the data reported in Ref. 

32. All magnetic ordering phase transitions in the studied compounds are second order, and they 

broaden significantly upon application of magnetic field. 

 

3. Theory 

 

In order to describe the magnetic properties of cubic C15 Laves-phase series of TmxDy1-xAl2 

compounds, whose magnetism arises from the presence of two rare earth sublattices, Tm+3 and Dy+3, 

the model Hamiltonians in the mean field approximation are given by:  

 

ℋTm = − 𝑔Tm𝜇𝐵[𝑥𝜆Tm𝑀⃗⃗ Tm + 𝑥(1 − 𝑥)𝜆TmDy𝑀⃗⃗ Dy  +  𝜇0𝐻⃗⃗ ] ∙ 𝐽 Tm + ℋCEF
Tm ,  (1) 

 

ℋDy = − 𝑔Dy𝜇𝐵[(1 − 𝑥)𝜆Dy𝑀⃗⃗ Dy + 𝑥(1 − 𝑥)𝜆TmDy𝑀⃗⃗ Tm + 𝜇0𝐻⃗⃗ ] ∙ 𝐽 Dy + ℋCEF
Dy

.  (2) 

 

Here, 𝜇𝐵 is the Bohr magneton, 𝑔Tm = 7/6, 𝑔Dy = 4/3 and 𝐽 Tm, 𝐽 Dy are the corresponding 

Landé factors and total angular momentum operators, respectively, and 𝜆 is the mean field parameter 

quantifying exchange interactions. The first two terms inside the brackets in (1) and (2) account for 

disorder [35, 36] by considering exchange interactions between the same [𝑥𝜆Tm and (1 − 𝑥)𝜆Dy] or 

different sublattices [𝑥(1 − 𝑥)𝜆TmDy], where x is the concentration of Tm. The third term in the 

brackets accounts for the Zeeman interactions where 𝜇0𝐻⃗⃗  is the applied magnetic field. The last 

terms in (1) and (2) represent the crystalline electric field (CEF) interactions, which can be written 

for cubic symmetry in Lea, Leask, and Wolf (LLW) notation [37] for each rare-earth sublattice (R = 

Tm or Dy) as: 

 

 ℋCEF
R = 𝑊R [𝑋R  (

𝑂4
0+5𝑂4

4

𝐹4
)
R

+ (1 − |𝑋R|) (
𝑂6

0−21𝑂6
4

𝐹6
)
R

].     (3) 

 

In (3), 𝑊 is the energy scale, and X is limited to the range −1 ≤ 𝑋 ≤ 1, giving the ratio between 

the fourth- and sixth-order Steven’s operators 𝑂𝑛
𝑚 [38, 39]. 𝐹4 and 𝐹6 are multiplicative factors 
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common to all matrix elements and specific for each total angular momentum J as tabulated by LLW 

[37].  

From the Hamiltonians (1) and (2), the eigenvectors (|𝜀𝑛
R⟩, and eigenvalues (𝜀𝑛

R), of each rare-

earth sublattice (R = Tm or Dy), are obtained and the components of the magnetization along three 

crystal axes (𝑖 = 𝑥, 𝑦, or 𝑧 directions) are calculated by the Boltzmann thermodynamic mean value 

of the magnetic moments (𝑔𝑅𝜇𝐵𝐽𝑖
R) as follows: 

 

𝑀𝑖
R = 𝑔R𝜇𝐵

∑ 〈𝜀𝑛
R|𝐽𝑖

R|𝜀𝑛
R〉𝑒

(−𝛽𝜀𝑛
R)

𝑛

∑ 𝑒
(−𝛽𝜀𝑛

R)
𝑛

,       (4) 

 

where  𝛽 = 1/𝑘𝐵𝑇 and 𝑘𝐵 is the Boltzmann constant. 

Three main contributions to the total entropy were considered: for each rare-earth sublattice, the 

magnetism of rare earth ions, (𝑆𝑚𝑎𝑔
R ), the lattice contribution from phonons (𝑆𝑙𝑎𝑡), and conduction 

electron entropy (𝑆𝑒𝑙). The first of them can be expressed as: 

 

𝑆𝑚𝑎𝑔
R (𝑇, 𝜇0𝐻) = ℛ [𝑙𝑛∑ 𝑒−𝛽𝜖𝑖

R
+  𝛽 

∑ 𝜖𝑖
R𝑒−𝛽𝜖𝑖

R

𝑖

∑ 𝑒−𝛽𝜖𝑖
R

𝑖

𝑖 ],       (5) 

 

where ℛ is the gas constant. The lattice vibration contribution to the total entropy, in the Debye 

approximation, is given by: 

 

𝑆𝑙𝑎𝑡(𝑇) = 𝑁𝐴ℛ [−3 ln (1 − 𝑒
𝜃𝐷
𝑇 ) + 12 (

𝑇

𝜃𝐷
)
3

∫
𝑦3

𝑒𝑦−1
𝑑𝑦

𝜃𝐷/𝑇

0
].    (6) 

 

Where 𝜃𝐷 is the Debye temperature and 𝑁𝐴 = 3 is the number of atoms in the formula unit. As 

described in the literature [27, 28], 𝜃𝐷 in the RAl2 series of compounds can be approximated by a 

linear combination, where 𝑛 is defined as 0 ≤ 𝑛 ≤ 14, and 𝑛 = 0 for La, and 𝑛 = 14 for Lu: 

 

𝜃𝐷
RAl2(𝑇, 𝑛) =  

[14−𝑛] 𝜃𝐷
LaAl2(𝑇)+ 𝑛𝜃𝐷

LuAl2(𝑇)

14
.        (7) 

 

In the present case,  𝑛 =  12 for TmAl2 and  𝑛 =  9 for DyAl2, and the functions 𝜃𝐷
LaAl2(𝑇) and 

 𝜃𝐷
LuAl2(𝑇)  were taken from the literature [28]. For the pseudobinary TmxDy1-xAl2: 

 

𝜃𝐷
TmxDy1−xAl2(𝑇, 𝑥) = 𝑥𝜃𝐷

TmAl2(𝑇, 𝑥) + (1 − 𝑥)𝜃𝐷
DyAl2(𝑇, 𝑥).     (8) 

 

The last term of the total entropy, electronic contribution, can be written as: 

 

𝑆𝑒𝑙(𝑇) =  𝛾̅𝑇,        (9) 
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where corresponds to an effective Sommerfeld coefficient. As we have done for 𝜃𝐷(𝑇, 𝑥), the 

electronic entropy was calculated assuming a linear change across the series from the nonmagnetic 

La to the nonmagnetic Lu. The values of 𝛾̅LaAl2 = 10.6 mJ/mol·K and 𝛾̅LuAl2 = 5.5 mJ/mol·K were 

taken from a previous work [40]. As for the other quantities, the disorder effect was included in the 

total entropy, given by: 

 

𝑆𝑡𝑜𝑡𝑎𝑙(𝑇, 𝜇0𝐻, 𝑥) = (𝑥)𝑆𝑡𝑜𝑡𝑎𝑙
Tm + (1 − 𝑥)𝑆𝑡𝑜𝑡𝑎𝑙

Dy
.       (10) 

 

 From the total entropy, the MCE parameters can be calculated from the relations: 

 

Δ𝑆𝑇(𝑇, 𝐻) =  𝑆𝑡𝑜𝑡𝑎𝑙(𝑇, 𝜇0𝐻 ≠ 0) − 𝑆𝑡𝑜𝑡𝑎𝑙(𝑇, 𝜇0𝐻 = 0),     (11) 

 

and 

 

Δ𝑇𝑎𝑑(𝑇, 𝐻) =  𝑇2(𝑆, 𝜇0𝐻 ≠ 0) − 𝑇1(𝑆, 𝜇0𝐻 = 0).       (12) 

 

Experimentally, ∆𝑆𝑇 and ∆𝑇𝑎𝑑 for a given magnetic field change, 𝜇0∆𝐻, can be calculated from 

heat capacity, 𝐶𝑝(𝑇,𝜇0𝐻), measured as function of temperature in constant 𝜇0𝐻 = 0 and 𝜇0𝐻 ≠ 0 

as isothermal (Eq. 11) and isentropic (Eq. 12) differences between the total entropy functions 

defined as 𝑆𝑡𝑜𝑡𝑎𝑙
𝑒𝑥𝑝. (𝑇, 𝜇0𝐻) = ∫ (𝐶𝑝(𝑇,𝜇0𝐻) 𝑇⁄ )𝑑𝑇

𝑇

0
  [41]. 

 

4. Application and discussion 

 

The Tm𝑥Dy1−𝑥Al2 compounds crystallize in the C15 cubic Laves phase structure and the easy 

magnetization directions at the ground states are ⟨110⟩ and ⟨001⟩ for the binary TmAl2 and DyAl2, 

respectively [42, 43]. In order to apply the model described in Section 3 to study the pseudobinaries 

with x = 0.25, 0.50 and 0.75, a few assumptions regarding the crystal structure; and CEF (𝑋 and 𝑊) 

and exchange parameters (𝜆) are required. 

We assume that Dy and Tm in the Tm𝑥Dy1−𝑥Al2 solid solution replace one another and neither 

replaces Al. This assumption is supported by the available body of knowledge about chemistry and 

crystallography of intermetallic compounds of rare earths with Al, hence both lanthanide ions only 

have Al in their nearest coordination spheres [44, 45]. We also assume that the CEF interactions of 

Tm and Dy with the ligands do not deviate significantly from the ones present in the binary 

compounds. Hence, the crystal field parameters were kept constant for all intermediate 

concentrations using the corresponding values reported for binary TmAl2 and DyAl2. The exchange 

parameters, 𝜆Tm and 𝜆Dy, were adjusted to reflect the experimentally observed transition 

temperatures, namely 𝑇𝐶 ≅ 3.8 K for TmAl2 and 𝑇𝐶 ≅ 62.1 K for DyAl2 known from the literature 

[32], and then kept constant as well. Hence, the model has only a single free parameter – 𝜆TmDy, the 
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intersublattice exchange parameter – that was adjusted to best reproduce the experimentally observed 

ferromagnetic ordering temperatures for the three compounds with x = 0.25, 0.5, and 0.75. This 

parameter takes into account the intersublattice exchange interactions, and it is responsible for the 

coupling between the two magnetic sublattices. 

The exchange and CEF parameters used in the model are listed in Tables 1 and 2. The eigenvectors 

and eigenvalues of Hamiltonians (1) and (2) are obtained self-consistently for a fixed temperature 

and magnetic field. The magnetization of the Tm sublattice is set initially parallel to the ⟨110⟩ 

direction and that of the Dy sublattice parallel to the ⟨001⟩, but they are free to rotate during the self-

consistent procedure. 

Figure 1 shows good agreement between measured and modelled heat capacities as functions of 

temperature for x = 0.25 (Fig. 1a), x = 0.5 (Fig. 1b) and x = 0.75 (Fig. 1c) in magnetic fields of 0 and 

2 T (the same in magnetic field of 1 T is illustrated in the supplementary material, Fig. S1).  As noted 

in the previous paragraph, the Tm and Dy magnetic moment directions used for the theoretical 

calculations were assigned according to the easy magnetization directions ⟨110⟩ for TmAl2 and 

⟨001⟩ for DyAl2. Considering much larger value of the Dy-Dy exchange parameter (Table 1) and, 

consequently, stronger molecular field, the Dy sublattice should dominate the selection of the easy 

direction in Tm𝑥Dy1−𝑥Al2 compounds studied here (also see below). Hence, to model heat capacity 

in the 2 T applied field, the magnetic field vector was chosen parallel to the ⟨001⟩ direction for all 

values of x. Minor discrepancies between the experimental data and modeling results are both 

expected and obvious, especially in 0H = 2 T because the measurements were performed using 

polycrystalline samples. 

Considering that the easy magnetization directions of the parent binary compounds are different, 

it is important to understand how they compete when Tm and Dy are statistically distributed across 

the same crystallographic sublattice. Figure 2 shows the temperature dependence of the angle, θ, 

between the magnetic moments and the crystallographic z axis (the easy direction of DyAl2), in each 

magnetic sublattice with the 2 T magnetic field applied along the two other main crystallographic 

cubic directions: ⟨111⟩ and ⟨110⟩. The angle θ is calculated from the magnetization components, 

taken from equation (4), as θ(T, μ0𝐻) =  tan−1 [√Mx
2 + My

2 Mz⁄ ]. We also simulated the 

temperature dependence of θ with the 2 T magnetic field vector along ⟨001⟩ direction (data not 

shown here), and in this case, the magnetic sub-lattices for all three compounds remain fully aligned 

with the z-axis in the whole temperature range. These results show that ⟨001⟩ is the easy 

magnetization direction for all studied pseudobinary compounds. 

For 𝑥 = 0.25 and 0.50, the influence of Dy on the Tm sublattices is dominant, as expected.  Even 

when the magnetic field is applied along ⟨110⟩, which is the easy magnetization direction of TmAl2, 

the Tm sublattice is not fully aligned with ⟨110⟩ at low temperatures, and θ ≠ 90° until the 

reorientation in the Dy sublattices is complete at 𝑇𝑅 ~ 21 K and 𝑇𝑅 ~ 12 K (Fig. 2a and c). In a 

conventional spin reorientation (SR) process, both sublattices are expected to rotate toward the 

magnetic field direction when temperature increases until they align along the magnetic field 

direction at 𝑇 =  𝑇𝑅. However, torque created by the stronger molecular field of Dy makes the SR 



7 
 

process anomalous, where the magnetic moments of Tm initially (between 0 and ~8, and 0 and ~7 K 

for 𝑥 = 0.25 and 𝑥 = 0.5, respectively) move away from the easy magnetization direction of TmAl2, 

while approaching the direction of the magnetic moments of Dy. Between 8-21 K and 7-12 K for 𝑥 

= 0.25 and 𝑥 = 0.50, respectively, the SR process remains anomalous as both magnetic sublattices 

continue to approach each other, even though they begin to tilt toward the magnetic field direction. 

In lower, 0.5 and 1 T magnetic fields (supplementary material, Figure S2), the behaviors remain 

similar to those illustrated in Figs. 2a and 2c. For 𝑥 = 0.75, when the 2 T field is applied along ⟨110⟩, 

both sublattices remain fully aligned with the field direction (Fig. 2e). In magnetic fields of 0.5, 1, 

and 2 T, magnetization along ⟨001⟩ is the highest when compared to two other examined directions, 

hence the easy magnetization axis when 𝑥 = 0.75 is also ⟨001⟩. 

When a 2 T magnetic field is applied along the ⟨111⟩ direction (see Fig. 2b), both magnetic 

sublattices are nearly aligned along the magnetic field vector at low temperatures when x = 0.25.  In 

a lower magnetic field (0.5 T, supplementary material), a discontinuous SR occurs at T = 21.9 K 

where the moments in the Dy sublattice become nearly parallel to ⟨001⟩ with θTm closely following 

behind.   For 21.9 K < T < TR  42 K, both θDy (faster) and θTm (slower) rotate toward the field 

direction. This SR process is anomalous since the Tm magnetic moment tilts closer toward that of 

Dy.  With 1 T field parallel to ⟨111⟩ the behavior (supplementary material) becomes identical to that 

shown in Fig. 2b. For x = 0.5 and 0.75, in 𝜇0𝐻 = 2 𝑇 (Figs. 2d and 2f), on the other hand, the 

magnetic moments of the Dy sublattices progressively rotate toward the field direction until sharp 

SR transitions occur at TR ≅ 17.3 K and TR ≅ 6.7 K for 𝑥 =  0.5 and 0.75, respectively. A similar 

but weaker than for 𝑥 = 0.25 (Fig. 2a) SR process anomaly is seen for 𝑥 = 0.5 in the inset of Fig. 2d, 

when θTm begins to approach  θDy starting from ~8.5 𝐾, as marked by the dotted line, continuing 

until 𝑇𝑅~ 17.3 𝐾. Hence, with this magnetic field vector orientation, the anomalous SR process (see 

previous paragraph) is observed for both 𝑥 =  0.25 and 𝑥 =  0.5, but not for 𝑥 =  0.75 compounds 

(compare insets in Figs. 2d and 2f). Values of  𝑇𝑅 for all compounds in magnetic fields of 0.5, 1, and 

2 T applied along 〈110〉 and 〈111〉 are listed in the supplementary material, Table S1. 

Figures 3 and 4 show the temperature dependencies of the MCE parameters, −∆𝑆𝑇 and ∆𝑇𝑎𝑑  , 

respectively, for the magnetic field change from 0 to 2 T calculated with the magnetic field vector 

along the three main cubic crystallographic directions: ⟨110⟩ (Fig. 3a and Fig. 4a), ⟨111⟩ (Fig. 3b 

and Fig. 4b) and ⟨001⟩  (Fig. 3c and Fig. 4c), for  the Tm𝑥Dy1−𝑥Al2 series with 𝑥 = 0.25, 0.50, and 

0.75. The inverse MCEs (related to the rate of change of magnetization with temperature [20,46,47]),  

observed in Figs. 3a, 3b, 4a, and 4b are associated with the anomalous spin reorientation processes 

described above. Since 〈001〉 is the easy magnetization direction for three compositions examined 

in this work, the magnetocaloric effect remains conventional at all temperatures as seen in Figs. 3c 

and 4c. 

The comparison between experimental (symbols) and theoretical (solid lines) isothermal entropy 

change vs. temperature curves is shown in Figure 5 for the three compounds Tm0.25Dy0.75Al2 (a), 

Tm0.5Dy0.5Al2 (b), and Tm0.75Dy0.25Al2 (c), upon two different magnetic field changes (0 - 1 T and 

0 - 2 T). The theoretical curves were calculated considering the field applied in the easy direction 

⟨001⟩, while the experimental results are obtained using heat capacity (Fig. 1) of the polycrystalline 
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samples. Theory qualitatively reproduces the shape but the values are higher compared with the 

experimental data, which at least partially is due to the fact that the model is for single crystals with 

the magnetic field vector along the easy magnetization axis while experimental data are taken for the 

polycrystalline samples. Another factor is that experimental data are usually affected by 

demagnetization, and hence the internal magnetic field is lower than the external applied field [48].  

 

 

 

5. Final comments  

 

As a result of this study we were able to model thermomagnetic and magnetocaloric properties of 

the Tm𝑥Dy1−𝑥Al2 series of compounds with 𝑥 = 0.25, 0.5, and 0.75 using a Hamiltonian that 

includes contributions from Zeeman effect, exchange interactions (in the mean field approximation), 

and crystalline electric field. Other than the observed discrepancies in the ∆𝑆𝑇 values, the general 

behaviors and the critical temperatures are in good agreement with the experimental values. From 

temperature dependencies of the orientations of magnetic moments of the lanthanides in the presence 

of magnetic field it was possible to demonstrate how the spin reorientation occurs for each magnetic 

sublattice individually, as well as to show how both sublattices are coupled with each other and, 

consequently, how the coupling influences the magnetocaloric effect. It is worth noting that there is 

an ongoing work to reproduce theoretically the spin reorientation observed experimentally in the 

heat capacity of Tm-rich alloys with x > 0.85 [32]. Apparently, the magnetic moments of the TmAl2 

sublattice are canted in a ferromagnetic phase stable below 3 K as described in references [29, 42]. 
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Table 1. Exchange parameters describing the intrasublattice Tm-Tm (𝜆Tm) and Dy-Dy (𝜆Dy) 

interactions, and intersublattice Tm-Dy interactions (𝜆TmDy).  

 

𝝀𝐓𝐦 (meV) 𝝀𝐃𝐲(meV) 𝝀𝐓𝐦𝐃𝐲(meV) 

0.036 0.253 0.140 

 

Table 2. Crystalline electric field parameters (from Refs. [31,42]). 

 

Compound W (meV) X 𝑭𝟒 𝑭𝟔 

TmAl2 0.034 0.48 60 7560 

DyAl2 - 0.011 0.30 60 13860 
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Figure Captions 

 

Figure 1.   Heat capacity vs. temperature measured in 0 and 2 T applied magnetic fields for the 

Tm𝑥Dy1−𝑥Al2 series of compounds with 𝑥 = 0.25 (a), 0.50 (b), 0.75 (c) using polycrystalline 

samples. The solid and dotted lines are theoretical predictions and the symbols are experimental 

results obtained with and without magnetic field. 

 

Figure 2. Temperature dependence of the polar angle (θ) of each magnetic sublattice (Tm and Dy) 

for Tm𝑥Dy1−𝑥Al2  with 𝑥 = 0.25 (a,b), 0.50 (c,d), 0.75 (e,f) for the 2 T magnetic field  applied 

along ⟨110⟩ and ⟨111⟩ directions. 

 

Figure 3. Isothermal entropy change vs. temperature for the Tm𝑥Dy1−𝑥Al2 series of compounds 

(𝑥 = 0.25, 0.50 and 0.75), calculated upon magnetic field variation from 0 to 2 T applied along 

three different directions: (a) ⟨110⟩, (b) ⟨111⟩ and (c)  ⟨001⟩.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

 

Figure 4. Adiabatic temperature change vs. temperature for the Tm𝑥Dy1−𝑥Al2 series of 

compounds (𝑥 = 0.25, 0.50 and 0.75), calculated upon magnetic field variation from 0 to 2 T 

applied along three different directions: (a) ⟨110⟩, (b) ⟨111⟩ and (c) ⟨001⟩.   

 

Figure 5. Comparison of the theoretical and experimental temperature dependencies of the 

isothermal entropy change of  Tm𝑥Dy1−𝑥Al2 compounds (𝑥 = 0.25, 0.50 and 0.75), determined 

upon two magnetic field variations: µ0∆H = 0 to 1 T and 0 to 2 T. The symbols are the experimental 

data and the solid lines are the theoretical results with the magnetic field applied along ⟨001⟩ 

direction. 
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Figure 3 
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