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Abstract 

Materials with magnetic anisotropy can serve as a model object for exploring the 
multicaloric effect because their thermodynamic state alterations can be achieved either 
through the application of a magnetic field H, or by mechanically rotating the sample in the 
magnetic field using torque τ. In such materials, the total entropy change ∆𝑆் arises from two 
distinct contributions: (1) the conventional magnetocaloric effect (MCE) or paraprocess ∆𝑆|௠| and (2) the rotational MCE ∆𝑆ఝ. In this manuscript, using molecular field model which 
enables a separation of contributions to the total entropy change ∆𝑆் from conventional ∆𝑆|௠| 
and rotational ∆𝑆ఝ, we have determined cross-coupling multicaloric coefficients 𝜒ఛ,ு =ቀడఛడுቁ்,ఏ and  𝜒ு,ఛ = − ቀడ௠డఏ ቁ்,ு for anisotropic magnetic materials and show that they satisfy

the basic thermodynamic identities. We also confirmed that the total multicaloric effect in the 
material with magnetic anisotropy can be accurately expressed as the sum of the individual 
magnetocaloric effects induced by separate application of the H and τ, minus the magnetic 
entropy change arising from thermodynamic cross-coupling between the subsystems of the 
solid:  ∆𝑆் = ∆𝑆்,ఛ(ு) + ∆𝑆்,ு(ఏ) −  ∆𝑆௖௢௨௣௟௜௡௚.

Article Keywords: magnetocaloric effect, magnetic anisotropy, mean-field approach 
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The magnetocaloric effect (MCE) manifests itself in alteration in the thermodynamic 

state of a magnetic material when it is magnetized/demagnetized in an external magnetic field 
H [1–3]. To quantify the MCE, two parameters are usually used: the adiabatic temperature 
change ΔTad (the magnetization process occurs with a constant total entropy of the material), 
and isothermal entropy change ΔST (the isothermal magnetization accompaniments by heat 
transfer Q=ΔSTT between the material and the environment) [4–6]. In contrast to intensive 
quantities, such as temperature or magnetic field, the entropy S is the extensive quantity and 
hence the additive function: the S of a macrosystem corresponds to the sum of the entropies 
of its constituents, which facilitates the determination of individual subsystem contributions 
(e.g. magnetic, structural, electronic) to the overall MCE. Through the examination of 
entropy changes in each subsystem separately, it is possible to accurately determine the 
diverse physical mechanisms underpinning this phenomenon and find strategies for 
maximizing the MCE [7–10]. 

Materials that exhibit a notable magnetocaloric effect hold promise for applications in 
alternative solid-state magnetic cooling technology. These magnetic refrigeration systems 
have the potential to operate effectively at ambient temperatures and find utility in the 
cryogenic liquefaction of diverse gases such as natural gas or hydrogen [11–14]. To enhance 
the efficiency of magnetic materials as the working body of a magnetic refrigerator, several 
subsystems of the magnetic solid should contribute commensurately to the overall MCE. In 
this connection, materials with first-order transitions, where the contributions from the 
magnetic and structural subsystems can be comparable in magnitude but do not always 
coincide in sign, are being widely studied [15–20].  

Another (albeit less explored) example of magnetocaloric materials with several 
degrees of freedom are magnetic materials with high magneto-crystalline anisotropy and, as a 
consequence, with a rotational MCE [21–28]. This effect refers to the change in the 
thermodynamic state of the magnetic material when the external magnetic field takes an 
angle with the direction of ‘easy’ axis magnetization [29–36]. In this case, the total entropy 
change ΔST arises from two distinct contributions: (1) the conventional MCE or paraprocess 
ΔS|m| (the magnetic field diminishes the thermal motion of magnetic moments, thereby 
increasing the magnetisation vector in modulus and reducing the entropy of the magnetic 
subsystem); (2) the rotational MCE ΔSφ (the magnetization vector changes in direction, and 
the associated change in the anisotropy energy leads to an additional contribution to the total 
entropy change) [37–40]. 

Along with identifying the contributions from various subsystems to the overall 
magnetocaloric effect, another important task is to determine the mutual influence of such 
subsystems during the magnetization process and calculate the thermodynamic cross-
coupling coefficients that describe such interaction [41–46]. A system endowed with 
magnetic anisotropy can be regarded as multicaloric with two generalized thermodynamic 
forces: magnetic field H and mechanical torque τ. Consequently, such a system provides a 
framework for elucidating and quantifying these cross-coupling coefficients. 

We believe that it is crucial to acknowledge the substantial impact of magnetic 
anisotropy on the magnetocaloric effect, spanning from the vicinity of the Curie temperature 
to lower temperatures. Incorporating this influence is imperative for a more comprehensive 
understanding of magnetic phase transitions. This significance is accentuated in the current 
context, where magnetic cooling emerges as a promising technology, particularly for gas 
liquefaction, notably hydrogen. For low temperatures, the most effective materials are those 
with a high content of rare earth elements, and, accordingly, with potentially high 
magnetocrystalline anisotropy. Therefore, accounting for the anisotropic contribution and 
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developing adequate modelling approaches are paramount when assessing the magnetocaloric 
effect at lower temperatures. 

In this work, we used the molecular field approach [47–51], to model a single 
crystalline material with uniaxial magnetic anisotropy. We have shown that our model is 
consistent from thermodynamical point of view, and all thermodynamic quantities obtained 
within the model satisfy thermodynamic relations for a given system. We distinguish the 
contributions to the total isothermal change in entropy ΔST from (1) the entropy of the 
paraprocess ΔS|m| (the conventional magnetocaloric effect) and (2) the entropy associated 
with the processes of rotation of the magnetization vector ΔSφ. Obtained equality ΔST = ΔS|m| 
+ ΔSφ demonstrates that the model is internally consistent and applicable to anisotropic 
magnets as multi-calorific materials. Finally, we modelled the situation when both magnetic 
field H and torque τ are applied, simulating the multicaloric behaviour of the magnetically 
anisotropic sample, and determined the cross-coupling coefficients 𝜒ఛ,ு = ቀడఛడுቁ்,ఏ and  𝜒ு,ఛ = − ቀడ௠డఏ ቁ்,ு for our system. The results obtained here can be used not only for 

evaluation of the effectiveness of using highly anisotropic materials in magnetic cooling 
devices, but also allow to estimate the maximum attainable rotational MCE of any given 
compound and, upon comparison with other multicaloric systems, can be the foundation for 
building a general theory of this intriguing phenomenon. 

 
Mean-field approach for material with uniaxial magnetic anisotropy. 

 
In general, the magnetic moment of an atom or ion arises from both spin and orbital 

contributions. However, in the present study, we intentionally simplified the model to 
enhance its usability and reduce complexity. This approach is justified by our primary 
objective: to study the key trends in the magnetocaloric behaviour of an anisotropic material 
and to explore the potential for interpreting it within the framework of multicaloric effects. 

Within the framework of the molecular field model [49,51], the total energy density of 
the sample can be written as follows: 

 𝐸 = 𝐸௘௫௖௛ + 𝐸௧௛ + 𝐸ு + 𝐸௔௡  (1) 
 
Eexch is the exchange energy, or, equivalently in the framework of mean-field theory, 

the energy of the magnetisation vector in the molecular field 𝐻௠௢௟ = 𝜇଴ ଵଶ 𝑛௪𝜎𝑚଴: 𝐸௘௫௖௛ =  −𝜇଴𝐻௠௢௟𝜎𝑚଴ = −𝜇଴ ଵଶ 𝑛௪𝜎ଶ𝑚଴ଶ  (2) 
 

Here μ0 is the magnetic constant, nw is the molecular field parameter, σ is the reduced 
magnetisation 𝜎 = ௠(்)௠బ  (1 ≤ 𝜎 ≤ 0), m(T) is the magnetisation per unit volume at a certain 
temperature T and external field H , m0 is the spontaneous magnetisation at 0 K. For the spin 
of ଵଶ,  𝑚଴ =  𝜇஻𝑁௩, where, in turn, μВ is the Bohr magneton and Nv is the number of atoms per 
unit volume.  

It is important to note that the molecular field parameter is related to the Curie 
temperature TC through a well-known relation involving the Curie constant C: 𝑇஼ = 𝐶𝑛௪, 
while 𝐶 = ఓబఓಳమ ௚మேೡ௃(௃ାଵ)ଷ௞ಳ , where kB is the Boltzmann constant, g is Landé g-factor (in our 
case g=2), and J is the total angular momentum quantum number of the ion or atom (in our 
case J=S). In many studies, this relation is used to estimate the nw from the experimentally 
known TC. In contrast, in this work, we treated the nw as an input quantity and determined TC 
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as an outcome of the modelling. Notably, the resulting Curie temperature was fully consistent 
with the aforementioned relation. 

The thermal energy Eth of magnetic moments with spin ଵଶ can be written using the 
configuration entropy S|m| in the following way [52,53]: 

 𝐸௧௛ =   𝑁௩𝑘஻𝑇𝑆|௠| = −𝑁௩𝑘஻𝑇 ቂ𝑙𝑛(2) − ଵଶ ሼ(1 − 𝜎) 𝑙𝑛(1 − 𝜎) + (1 + 𝜎) 𝑙𝑛(1 + 𝜎)ሽቃ  (3) 
 

T is the temperature, and the expression in square brackets on the right-hand side represents 
the entropy of the paraprocess S|m| written as a function of the reduced magnetisation 𝜎. 
Subindex |m| denotes that the entropy S|m| corresponds to the change of magnetization in 
magnitude, not in the direction. 

The energy density of the material in the external field has the following form: 
 𝐸ு =  −𝜇଴𝜎𝑚଴𝐻 cos(𝜃 − 𝜑)  (4) 

 
where H is the external field, θ is the angle between the direction of the external magnetic 
field and the easy axis of magnetization, in the following termed the c-axis of the crystal, and 
φ is the angle between the magnetization and the c-axis. 

 
The last term in expression (1) is the anisotropy energy: 
 𝐸௔௡ =  𝐾ଵ(𝑇)sin ଶ(𝜑)   (5) 
 

where K1(T) is the first anisotropy constant, which depends on temperature. Since the angle φ 
between the magnetization and the c-axis is an order parameter, along with the magnitude of 
the magnetic moment σ, the φ depends on the temperature and the applied field, however, in 
Eq (5) and below, for convenience, we use the notation σ and φ instead of σ(T) and φ(T). To 
model the temperature dependence of K1 we used the classical Zener approximation [54–57], 
which relates the K1 to the temperature dependence of magnetization: 

 𝐾ଵ(𝑇) =  𝐾௢𝜎ଷ(𝑇)   (6) 
 

where K0 is the anisotropy constant at 0 K. 
It is important to note that the demagnetizing field plays a significant role in real 

materials, particularly under low magnetic fields where the role of magnetic domains is 
essential. In such cases, shape anisotropy can be exploited to achieve a substantial 
magnetocaloric response even in small field, comparable with the demagnetization field of 
the sample [58]. However, in the present study, we focused on the effects of 
magnetocrystalline anisotropy. To maintain a manageable level of model complexity, the 
influence of the demagnetizing field on magnetization rotation processes was not considered. 

For all simulations carried out in this work, we used the following parameters: 
K0 = 3*106 J/m3 , nw = 300, 𝑁௩ = 8.49*1028, m0 = 787.4 kA/m. However, since the majority 
of publications on this topic use a specific magnetization per mass unit, for better comparison 
with the literature we present our result using specific magnetization m0=100 Am2/kg with 
the density of the material ρ = 7874 kg/m3. We chose these parameters mainly because they 
describe a material with a Curie temperature of 200 K and a high anisotropy field of 7.6 T at 
0.1 K, which, in combination with a sufficiently high magnetization, allows us to consider the 
phenomenon of the rotating magnetocaloric effect in all sorts of applications. Such material is 
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similar, for example, to Fe2P magnetocaloric material with TC=218K, m0=120 Am2/kg, 
K1(0)~2.5-2.7*106 J/m3 (Ha~6.5 T at 10K) [59]. 

The total energy E (1) is a function of only two variables, σ and φ, so numerically 
minimizing the energy by varying these two order parameters, we can find the value specific 
magnetization m and its projection on the direction of the external magnetic field 𝑚௛ =  |𝑚| cos(𝜃 − 𝜑) for each field and temperature. Since the entropy S|m| obtained by 
formula (3) is a function of σ, and, accordingly, a function of m, we can construct magnetic 
entropy S|m|(T) and magnetic entropy change ΔS|m|(H)T,θ. If the magnetic field is applied along 
the easy direction of magnetization of the single crystal (in our case it is the c-axis), only the 
paraproces contributes to the total entropy change. However, when the field is applied along 
the hard axis (a-axis), in the fields below the anisotropy field Ha the magnetization rotation 
process occurs, and together with ΔS|m| we should see additional contribution to entropy from 
the magnetization rotation processes ΔSφ, associated with the changes in the second order 
parameter (or degree of freedom) φ. It is known [32,33,60,61] that when the spontaneous 
magnetization vector is rotated by an angle φ, the associated entropy change ΔSφ can be 
determined as 

 ∆𝑆ఝ = − ቀడ௄భడ் ቁ ሼ𝑠𝑖𝑛ଶ(𝜑) −𝑠𝑖𝑛ଶ(𝜑଴)ሽ  (7) 
 

where 𝜑଴ is the initial angle between the magnetization and c-axis of the crystal. Thus, Eqs. 
(3) and (7) allow us to determine the conventional ΔS|m| and anisotropic ΔSφ contributions to 
the total magnetocaloric effect. 

The value of total entropy change ΔST (which is the sum of ΔS|m| and ΔSφ) can be 
found in various ways, and all of them are based on writing of the infinitesimal reversible 
change in the Gibbs free energy as a function of its variable T, H and θ as follows: 

 𝑑𝐺 = −𝑠𝑑𝑇 − 𝑚𝑑𝐻 + 𝜏𝑑𝜃            (8) 
 

where τ is mechanical torque and θ is the angle between the c-axis and external magnetic 
field. In the framework of our mean-field model, the τ can be calculated in two ways [62–64]: 
 𝜏 = 2𝐾ଵ sin 𝜑 cos 𝜑 = 𝐾ଵ sin 2𝜑    (9) 

 𝜏 = 𝑚𝐻 sin(𝜃 − 𝜑)     (10) 
 

The total entropy change ΔST can be determined as a derivative of the Gibbs energy G 
with respect to the temperature T:  ∆𝑆(்ீ) = ቀడீడ்ቁு,ఏ     (11) 

Additionally, for isothermal magnetization processes or isofield heating/cooling, the 
Maxwell’s relation is used: 

 ∆𝑆் = ׬ ቀడ|௠| ୡ୭ୱ(ఏିఝ)డ் ቁு,ఏ 𝑑𝐻ுమுభ     (12) 

 
Another Maxwell’s relation is applied if the anisotropic single crystal is rotated isothermally 
in the magnetic field from the initial angle θ1 to the final angle θ2. 
 ∆𝑆் = − ׬ ቀడఛడ்ቁఏ,ு 𝑑𝜃ఏమఏభ     (13) 
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Furthermore, the third Maxwell’s relation allows to determine the cross-coupling coefficients 
χτ,H and χH,τ: 
 𝜒ఛ,ு = ቀడఛడுቁ்,ఏ =  − ቀడ௠డఏ ቁ்,ு = 𝜒ு,ఛ    (14) 

 
Thermodynamic consistency of multicaloric effects in magnetically anisotropic 

materials: disentangling contributions from paraprocess ΔS|m| and rotational 
magnetocaloric effect ΔSφ to the total magnetic entropy change ΔST 

 
Figure 1(a) shows the field dependences of the projection of specific magnetization 

mh(H)T to the direction of magnetic field, calculated at several selected temperatures. The 
magnetic field is applied along the c-axis (easy axis of magnetization, there is no rotational 
MCE) and the a-axis (hard axis, paraprocess coexists with the rotation of the magnetization 
vector). It can be seen that after reaching the anisotropy field 𝐻௔(𝑇) = ଶ௄భ(்)௠(்) , the mh values 
are the same for the easy and hard directions. Below the Curie temperature (TC=200K), for 
fields lower than Ha, the mh(H)T along the hard direction has a linear character, which 
confirms the correctness of the model used. Fig. 1(b) shows the field dependences of the 
modulus of magnetization vector |m| for the same case shown in Fig. 1(a). It is important to 
note that when the magnetization vector makes some angle with the direction of the external 
field, the |m| is somewhat smaller, and only in a field equal to Ha (shown by the arrows in 
Figure 1(b)) the |m| values are identical. Since the entropy of the paraprocess is a function of 
|m|, it is logical to expect that this contribution to the entropy should be smaller when the 
sample is magnetized in the hard direction. 

Figs. 1(c) and 1(d) show the temperature dependences of the magnetization mh(T)H 
calculated for three different fields applied in the easy (Fig 1(c)) and hard (Fig1(d)) 
directions. For the hard direction, the spikes in the mh(T)H dependences are observed at those 
temperatures at which the condition Ha = H is satisfied. These figures also show the 
temperature dependences of the magnetic anisotropy constant K1 obtained using Zener's 
formula (6). 

Figs. 1(e,f) depict the temperature dependences of S|m|, calculated by using Eq (3), and 𝑆(்ீ), calculated by using Eq (11), these simulations were carried out for the same fields as in 
Figs. 1(c) and 1(d). As can be seen from Fig. 1(e,f), the configurational entropy S|m| (red 
curves) is almost identical when the sample is magnetized in the easy and hard directions, 
however, small difference between S|m| and 𝑆(்ீ) is observed in temperatures not exceeding 
the Curie temperature of the sample. This difference indicates that when magnetizing along 
the hard axis, the magnetocaloric effect cannot be described only by configurational entropy 
S|m|, and the involvement of additional terms (contributions) in the total ST is necessary. 

Temperature dependencies of total entropy 𝑆(்ீ)(𝑇) are shown in Fig 1(e,f) as blue 
lines. When the magnetic field is applied along the easy direction (Fig. 1(e)) there is no 
rotation of magnetization vector and the 𝑆(்ீ) exactly corresponds to configurational entropy 𝑆|௠|. However, when the sample is magnetized along the hard direction, the configurational 
entropy and the total entropy have different values, and this discrepancy is especially clear 
near the Curie temperature. All this unambiguously points to the fact that if the magnetic field 
is applied along the hard direction, there is an additional entropy contribution Sφ, which 
corresponds to the processes of rotation of the sample magnetization vector m.  
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Figs 2(a,b,c) show the temperature dependencies of configurational entropy change ∆𝑆|௠|(𝑇) (Eq. (3), dark green curve), the total entropy change ∆𝑆(்ீ)(𝑇) defined as the 
derivative of the total Gibbs free energy by temperature, (Eq (11), red curve), and their 
difference, which should represent nothing else but the contribution to the total entropy 
change from the magnetization rotation ∆𝑆ఝ(𝑇). Fig. 2(a) shows these dependencies for a 
field of 1 T and Fig. 2(b) has a field of 5 T applied, both of these magnetic fields are lower 
than the anisotropy field of the single crystal at 0 K (Ha(0) = 10.5T). In Fig. 2(c), the 
magnetic field 10 T is larger than Ha in the whole temperature range. If the magnetic field is 
not directed along the easy magnetization direction, one can see that ∆𝑆𝑚𝑇 and ∆𝑆𝜑𝑇 
compete with each other, leading to a decrease in the total MCE.  

Since our model gives the value of the anisotropy constant K1 and the angle φ for all 
fields and temperatures, we can apply Eq. (7) and compare the results with the rotational 
magnetocaloric effect determined within the molecular-field model as ∆𝑆ఝ = ∆𝑆் − ∆𝑆|௠| 
and shown in Fig. 2(a,b,c). Fig 2(d) shows that the ∆𝑆ఝ(𝑇), obtained from the difference 
between ∆𝑆(்ீ)(𝑇) and ∆𝑆|௠|(𝑇) , and the ∆𝑆ఝ(𝑇) calculated by Eq. (7), coincide completely, 
which confirms the correctness of using Eq. (7) to determine the rotational contribution to the 
MCE. 

Fig 3 shows the field dependencies of different contributions to the total entropy 
change ∆𝑆(்ீ)(𝐻) obtained for two selected temperatures, (120 K, Figs 3(a,c)) and (185 K, 
Figs 3(b,d)). The simulations were carried out for the easy axis (H||c-axis, Figs 3(a,b)) and 
hard axis (H||a-axis, Figs 3(c,d)) of magnetization. One can see that if the magnetic field is 
applied along the easy direction, the MCE has only one contribution – the entropy of 
paraprocess ∆𝑆|௠|(𝐻), which can be found by using Eq (11) or Eq (12). When the magnetic 
field is applied along the hard direction of magnetization (H||a-axis), both ∆𝑆|௠|(𝐻) and ∆𝑆ఝ(𝐻) have a significant impact on the ∆𝑆் (Figs 3(c,d)). Since the conventional and 
rotational MCE have a different sign, the the ∆𝑆் obtained along the hard direction of 
magnetization is significantly lower than in the case when magnetic field is applied along c-
axis. 

 
Exploring multicaloric potential of magnetically anisotropic system: sequential and 

simultaneous application of generalized thermodynamic forces H and τ, determination 
of cross-coupling coefficients 𝝌𝑯,𝝉 and 𝝌𝝉,𝑯. The entropy associated with the interaction 

of both subsystems  ∆𝑺𝒄𝒐𝒖𝒑𝒍𝒊𝒏𝒈 
 
The molecular field model we use in this work allows us not only to separate different 

contributions to the overall change in entropy ∆𝑆், but also to simulate the multicaloric effect 
both for the case when several generalized thermodynamic forces (here H and τ) are applied 
sequentially to the sample, and for the case when these forces are applied simultaneously. Fig 
4(a) shows the projection of magnetization mh in the direction of the external magnetic field 
H, Fig 4(b) displays the absolute value of the spontaneous magnetization |m|, and Fig 4(c) 
depicts the behaviour of the angle φ which magnetization takes with the c-axis of the crystal. 
The modelling was done for four selected temperatures 120 K, 160 K, 185 K and 195 K. The 
left column shows the field dependencies mh(H)T,θ, |m|(H)T,θ and φ(H)T,θ when the 
magnetization process takes place along the c-axis (θ = 0), the magnetic field changes from 
zero to 8 T. The central column corresponds to the rotation of the sample from θ = 0 to 
θ = 90° in the constant field of 8 T by means of torque moment τ, and the angular 
dependencies of mh(θ)T,H, |m|(θ)T,H and φ(θ)T,H are presented. In the right column, the sample 
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subjected to both generalized thermodynamical forces H and τ, the sample rotates from 
θ = 90° to θ = 0 and, at the same time, the magnetic field changes from 8 T to zero.  

Fig 5 shows the changes in the total entropy change ∆𝑆(்ீ) (a), conventional entropy 
change of paraprocess ∆𝑆|௠| (b) and rotational entropy change ∆𝑆ఝ (c), all taking place for 
such a multicaloric cycle. Notably, as the thermodynamic system returns to its initial state, 
the 𝑆|௠|, ∆𝑆ఝ and ∆𝑆் revert to zero. To illustrate this behaviour of entropy in detail, the 
inserts are added to the right side of Figs 5(a,b and c). Since our cycle is a reversible 
equilibrium thermodynamic cycle and entropy is a function of state, the zero entropy change 
reaffirms the consistency of our model. 

Given that if the angle φ changes with the field (H makes an angle with the c-axis 
(θ ≠ 0)), or if the magnetization mh changes when the sample is rotated in a constant magnetic 
field by means of the torque τ, we can use equation (14) to find the cross-coupling 
coefficients 𝜒ఛ,ு = ቀడఛడுቁ்,ఏ and  𝜒ு,ఛ = − ቀడ௠డఏ ቁ்,ு that links the changes in τ or m to the 

changes in non-conjugated thermodynamic forces, respectively angle θ and field H, which, in 
turn, can quantitatively determine the mutual intertwisting of the conventional and rotational 
MCE. By definition, these two coefficients must be equal for the same values of T, H, and θ. 
Fig. 6 (a,b) shows the field dependences of the 𝜒ு,ఛ for θ = 30° and θ = 60° respectively, the 
magnetic field was varied from zero to 10 T, and calculations were performed for 4 selected 
temperatures of 120 K, 160 K, 185 K and 195 K. Fig 6(c,d,e,f) depicts the angular 
dependencies of the 𝜒ఛ,ு calculated for the same selected temperatures. Eight points P1, 
P2,…,P8 with different sets of T, H and θ variables were selected (they are shown in Fig. 6 
with red circles) and the values of both 𝜒ு,ఛ and 𝜒ఛ,ு cross-coupling coefficients are 
summarized in Table 1. It can be seen that for all selected combinations of T, H and θ, 𝜒ு,ఛ = ൬ డడு ቀడீడఏቁ்,ு൰்,ఏ = ൬ డడఏ ቀడீడுቁ்,ఏ൰்,ு = 𝜒ఛ,ு. The numerical values of these eight points 

with the same set of T, H and θ are given in Table 1. It can be seen that for all selected 
combinations of T , H and θ, the thermodynamic identity 𝜒ு,ఛ = 𝜒ఛ,ு is satisfied. 

Multiferroic materials, due to the strong coupling between different degrees of 
freedom, tend to exhibit multicaloric effects caused by the application or removal of different 
external fields or forces. In our case, this effect arise as a synergistic response to the 
combined action of magnetic field H and mechanical torque τ. Figure 7(a) shows the total 
entropy change for the initial state defined as H=9T, θ=90° when both forces H and τ are 
applied simultaneously. Since entropy is a function of state, the entropy change at any point 
on the obtained ∆𝑆்(𝐻, 𝜃) surface is independent of the particular path taken to reach that 
point. There are 3 selected paths in the Fig 7(a), showing as a black lines. Fig 7(b) depicted 
the cross-coupling coefficients 𝜒ு,ఛ and 𝜒ఛ,ு and and 7(c) their derivatives with respect to the 
temperature డఞಹ,ഓడ்  and డఞഓ,ಹడ் .  

It was shown in the literature [9,42–44,46] that the total multicaloric effect can be 
expressed as the sum of MCE obtained by application of respective field/force separately (in 
our case demagnetisation from 9T to 0T keeping the angle θ=90° and the rotation from θ=90° 
to θ=0° keeping the field 9T) minus the magnetic entropy change associated with cross-
coupling of the subsystems of the solid  ∆𝑆் = ∆𝑆்,ఛ(ு) + ∆𝑆்,ு(ఏ) −  ∆𝑆௖௢௨௣௟௜௡௚. In turn, this 
allows us to calculate the change in entropy associated with the interaction of both 
subsystems  ∆𝑆௖௢௨௣௟௜௡௚ in two ways: The first way is that we can use (i) the magnetic entropy ∆𝑆்,ఛ(ு) calculated within the framework of molecular field theory for demagnetisation in the 
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field under constant θ , (ii) rotation in the constant field ∆𝑆்,ு(ఏ)  and the total magnetic entropy 
change  ∆𝑆் . 

  ∆𝑆௖௢௨௣௟௜௡௚ =  ∆𝑆் − ∆𝑆்,ு(ఏ) − 𝑆்,ఛ(ு)     (15) 
 

In the second method we can use the cross-coupling coefficients, as it was suggested in [9,42]  
  ∆𝑆௖௢௨௣௟௜௡௚ = ׬ ׬ డ ఞಹ,ഓ൫்,ுᇲ,ఏᇲ൯డ் 𝑑𝐻ᇱ଴ଽ଴ଽ଴ 𝑑𝜃ᇱ    (16) 

 
Fig 7(d) shows the calculated  ∆𝑆௖௢௨௣௟௜௡௚ using Eg (15) (blue line) and equation (16) (red 
lines). Both methods agree very well with each other. Moreover, this correspondence clearly 
indicates that a material with magnetic anisotropy is a multi-caloric material with respect to 
the application of magnetic field H (the conjugate variable is the magnetization m) and 
mechanical torque τ (the conjugate variable is the angle θ between the magnetization and c-
axes of the crystal). 

 
Discussion and conclusions 

 
Summarizing the results obtained in this work, we would like to emphasize several 

important points: 
We have shown that a material with magnetic anisotropy can be considered as a 

model object for studying the multicaloric effect. Indeed, the thermodynamic state of such an 
object can be changed either by applying the magnetic field (generalized thermodynamic 
force H) or by mechanical rotation of the sample in the magnetic field by means of a torque τ. 
Thus, along with already actively studied systems with pairs of thermodynamic generalized 
forces, such as pressure - magnetic field, uniaxial mechanical stress - magnetic field, electric 
field - magnetic field, etc., we can add to our consideration a new class of objects, where the 
concept of the multicaloric effect is realized through a pair of generalized forces: τ - H.  

Fig 8 shows the schematic illustration of four magnetic multicaloric effects: 
electrocaloric, elastocaloric, barocaloric, and the rotational magnetocaloric effect discussed in 
this work. All these effects coupled with magnetic ordering, thus each multicaloric effect 
incorporates the conventional magnetocaloric effect (center of the left diagram). The 
corresponding conjugate thermodynamic variables for each effect are indicated on the right 
side of the figure. 

The use of the molecular field model allows us to unambiguously separate the 
contributions to the total magnetocaloric effect from different subsystems of a magnetic solid 
(in our case we separated contribution from conventional ∆𝑆|௠| and rotational ∆𝑆ఝ  to the 
total magnetic entropy change ∆𝑆்). It is important to note that due to different signs of ∆𝑆|௠| 
and ∆𝑆ఝ, in polycrystals with strong uniaxial magnetic anisotropy, the magnetocaloric effect 
cannot reach its optimal value.  

It is noteworthy that when the sample is magnetized along the hard axis, the 
magnitude of the magnetization vector |m| for magnetic fields below Ha remains lower than 
when single crystal magnetized along the easy axis. This indicates that the rotation of 
magnetization and the change in the absolute value of magnetization |m| are interdependent 
processes. It is possible that a more detailed consideration of this issue within the framework 
of a specially extended molecular field model will help to better understand the consideration 
of such a phenomenon as anisotropy of magnetization [65–67]. 
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In our model, if we change the sign of the anisotropy constant to the opposite, the a-
axis will become the easy axis, and c-axis turns to the hard axis. In this case, the conventional 
(or configurational) MCE will be observed along the a-axis, and both rotational and 
conventional MCE will be observed along the c-axis. In this case, the sign of the rotational 
effect will not change, it will remain negative. On the other hand, the sign of the rotational 
effect depends on the sign of the derivative of the anisotropy constant with respect to 
temperature. In the case of spin-reorientation transitions, when the anisotropy constant can 
increase with increasing temperature, the sign of the rotational magnetocaloric effect will be 
positive, as was experimentally shown in our previous works [32,35]. 

Within the framework of the molecular field model, we have determined cross-
coupling coefficients 𝜒ఛ,ு = ቀడఛడுቁ்,ఏ and  𝜒ு,ఛ = − ቀడ௠డఏ ቁ்,ு for anisotropic magnetic 

material and have shown that these coefficients satisfy the basic thermodynamic identities, 
for example, the equality of the second partial derivatives of the total differential of the Gibbs 
energy. We also confirmed that the total multicaloric effect if the material with magnetic 
anisotropy can be expressed as the sum of MCE obtained by application of respective 
field/force separately minus the magnetic entropy change associated with cross-coupling of 
the subsystems of the solid  ∆𝑆் = ∆𝑆்,ఛ(ு) + ∆𝑆்,ு(ఏ) −  ∆𝑆௖௢௨௣௟௜௡௚.  

In conclusion, it is crucial to acknowledge the substantial impact of magnetic 
anisotropy on the magnetocaloric effect, spanning from the vicinity of the Curie temperature 
to lower temperatures. Incorporating this influence is imperative for a more comprehensive 
understanding of magnetic phase transitions. This significance is accentuated in the current 
context, where magnetic cooling emerges as a promising technology, particularly for gas 
liquefaction, notably hydrogen. For low temperatures, the most effective materials are those 
with a high content of rare earth elements, and, accordingly, with potentially high 
magnetocrystalline anisotropy. Therefore, accounting for the anisotropic contribution and 
developing adequate modelling approaches are paramount when assessing the magnetocaloric 
effect at lower temperatures. Finally, extensive studies of MCE anisotropy can facilitate 
finding new, constructive solutions in developing magnetic refrigerators[29]. 
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Table 1. 𝜒ு,ఛ and 𝜒ఛ,ு cross-coupling coefficients obtained in 8 different poins (see Fig 6) 
along with the T/TC and H/Ha ratios for each point 
 
point P1 P2 P3 P4 P5 P6 P7 P8 
T 
H 
θ 

120K, 
4T,  
60° 

120K, 
10T, 
30°  

160K, 
4T,  
60° 

160K, 
10T, 
30° 

185K, 
0.5T 
60° 

185K, 
2T 
30° 

195K, 
0.5T 
60° 

195K, 
2T 
30° 𝜒ு,ఛ 29.9 5.8 8.8 8.8 26.9 4.1 3.6 3.6 𝜒ఛ,ு 29.9 5.8 8.8 8.8 26.9 4.1 3.6 3.6 

T/Tc 0.6 0.6 0.8 0.8 0.925 0.925 0.975 0.975 
H/Ha 0.526 1.315 0.526 1.315 0.065 0.263 0.065 0.263 
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Fig 1. (a) Field dependencies of the projection of magnetization mh(H) on the direction of the 
external magnetic field, calculated along the easy (c-axis) and hard (a-axis) magnetization 
direction. (b) Field dependencies of spontaneous magnetization vector length |m|(H), 
calculated for the same case as presented in Fig. (a). (c) Temperature dependencies of 
magnetization mh(T), the field is applied along the c-axis (easy direction). The red curve 
(right Y-axis) shows the temperature dependence of the anisotropy constant K1 (Zener 
Model). (d) mh(T), the field is applied along a-axis (hard direction). (e,f) Temperature 
dependencies of magnetic entropy in the fields 1, 5, and 10 T, applied along easy (e) and hard 
(f) directions. The red curves correspond to the configurational magnetic entropy S|m| (Eq. 
(3)), while the blue curves correspond to the total entropy 𝑆(்ீ)

 determined from the derivative 
of the Gibbs energy with respect to temperature  
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Fig. 2: (a-c), temperature dependencies of changes in configuration entropy ∆𝑆|௠|(𝑇) 

(green curve), rotational entropy ∆𝑆ఝ(𝑇) (blue curve) and total entropy ∆𝑆(்ா)(𝑇) (red curve) 
calculated for the fields of 1 T (a), 5 T (b) and 10 T (c), H||a-axis. The ∆𝑆ఝ(𝑇) was calculated 
by molecular-field approach (blue curve) and by using Eq. (7) (red curve), both obtained 
curves are identical. 
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Fig 3. Field dependencies of various contributions to the total entropy change ∆𝑆(்ீ)(𝐻) for two distinct temperatures, 120 K (a,c) and 185 K (b,d). Simulations were 

conducted for both the easy axis (H||c, (a,b)) and the hard axis (H||a, (c,d)) of magnetization.  
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Fig 4. The behavior of projection of magnetization mh on the external field H (a), 
spontaneous magnetization |m| (b) and angle φ which magnetization takes with the c-axis 
during multicaloric thermodynamic cycle (c). Left column: magnetic field rises from zero to 
8 T, H||c-axis (easy axis); Central column: the sample is rotated in the constant magnetic 
field of 8 T from c- to a-axis; Right column: both thermodynamic forces are applied, 
magnetic fields is reducing to zero simultaneously with rotating of the sample a- to c-axis. 
The modelling was done for 120 K, 160 K, 185 K and 195 K. 
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Fig 5. The changes in the total entropy ∆𝑆் (a), conventional entropy of paraprocess ∆𝑆|௠| (b) 
and rotational entropy ∆𝑆ఝ (c) taking place for multicaloric cycle shown in Fig 4. The inserts 
on the right side show that after such a multicaloric cycle, the total, conventional and 
rotational entropy changes are zero. 
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Fig 6 The angular dependencies of cross-coupling coefficient  𝜒ு,ఛ = − ቀడ௠డఏ ቁ்,ு (a,b) 

and field dependencies of cross-coupling coefficient 𝜒ఛ,ு = ቀడఛడுቁ்,ఏ (c,d,e,f). The simulations 

were performed for 4 selected temperatures of 120 K, 160 K, 185 K and 195 K. Eight points 
P1, P2,…,P8 with different sets of T, H and θ parameters are shown with red circles. The 
numerical values of these eight points are given in Table 1.  
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Fig 7 The changes in the total entropy ∆𝑆் (a), the cross-susceptibilities 𝜒ு,ఛ and 𝜒ఛ,ு(b), comparison of  ∆𝑆௖௢௨௣௟௜௡௚, calculated by mean field theory (red) and by Eq. (16) 

(blue) (c) and the cross-susceptibility 𝜒ு,ఛ derivative by temperature (d). 
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Statement of novelty 
 
This work first treats an anisotropic magnet as a multicaloric material, calculating 

cross-coupling coefficients via mean-field theory and determining the cross-coupling 
magnetic entropy change. 
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