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Magnetocaloric effect at the reorientation of the magnetization in ferromagnetic multilayers with perpendicular anisotropy

We investigate the magnetocaloric effect obtained by the rotation of a magnetic field applied to an exchange-coupled multilayer system composed of two different ferromagnetic (FM) materials. We specifically consider a system in which the two FMs have perpendicular uniaxial anisotropy axes and utilise conditions which yield a reorientation of the total magnetization when compensation between the anisotropies of the two layers occurs. We calculate the consequent entropy change associated with the "artificial" reorientation. By using known parameters from MnBi and Co we predict an entropy change of ∆s = 0.34 Jkg -1 K -1 for perfect coupling. Lastly, we study the behavior of the multilayer under a rotating magnetic field via a micromagnetic model. When the layer thicknesses are of the order of the local domain wall width, the magnetic field-induced entropy change can be obtained with magnetic fields one order of magnitude lower than in the uncoupled case.

I. INTRODUCTION

The magnetocaloric effect (MCE) is the thermodynamic response of a material to a change in the level of an applied magnetic field. It is quantified in terms of an isothermal entropy change, ∆s and an adiabatic temperature change, ∆T ad and was first observed by Weiss and Piccard in 1917 [1]. A resurgence of interest in the measurement and application of the MCE has resulted from the more recent discovery of giant MCEs in a range of materials with first order magnetic phase transitions [START_REF] Sandeman | Magnetocaloric materials: The search for new systems[END_REF]. In almost all of those cases, the MCE is associated with the ordering or disordering of magnetic spins.

However, the magnetocaloric effect (MCE) also has an additional contribution from the magnetic anisotropy energy [START_REF] Kuz'min | Tishin Magnetic refrigerants for the 4.2-20 K region: garnets or perovskites?[END_REF]. Even if the entropy change is not high with respect to other magnetocaloric materials [START_REF] Kuz'min | On the latent heat of hightemperature spin reorientation transitions[END_REF], this fact creates an interesting possibility for magnetocaloric cooling since the thermal effects are generated by simply turning a magnetic field with constant amplitude [START_REF] Kuz'min | Tishin Magnetic refrigerants for the 4.2-20 K region: garnets or perovskites?[END_REF]. The magnetocaloric effect associated with a spin reorientation transition has been observed in hexagonal ferrites [START_REF] Basso | Spin reorientation transition: phase diagrams and entropy change[END_REF][START_REF] Naiden | Magnetocaloric effect in the neighborhood of spin-orientation transitions in hexagonal ferromagnets[END_REF][START_REF] Naiden | Investigation of the magnetocaloric effect in hexagonal ferrimagnetic materials with spin-orientational transitions[END_REF][START_REF] Naiden | Investigation of the thermodynamic efficiency of magnetic cooling cycles in the region of spin-orientational transformations in hexagonal ferrimagnets[END_REF] and in compounds with rare earths such as Er 2 Fe 14 B [START_REF] Basso | Er2Fe14B single crystal as magnetic refrigerant at the spin reorientation transition[END_REF][START_REF] Skokov | The influence of magnetic anisotropy on the magnetocaloric effect in Er2Fe14B single crystal near spin-reorientation transition and curie temperature[END_REF] and NdCo 5 [START_REF] Nikitin | Giant rotating magnetocaloric effect in the region of spin-reorientation transition in the NdCo5 single crystal[END_REF]. In this paper we investigate the possibility of creating an artificial spin reorientation by exchange coupling of two ferromagnetic materials with uniaxial anisotropies oriented in perpendicular directions.

For uniaxial anisotropy, the Gibbs free energy density of a magnetic material can be expressed as:

g L (T, H; θ) =K 1 (T ) sin 2 θ -µ 0 M s (T ) H cos θ + H ⊥ sin θ (1)
where K 1 is the anisotropy constant, θ is the angle formed by the magnetization vector with the anisotropy axis, M s is the saturation magnetization and H and H ⊥ are the component of the field parallel and perpendicular to the magnetization. The entropy is given by the expression

s = - ∂g L (H, T ; θ eq ) ∂T (2) 
where θ eq is given by the minimization of the energy by the conditions ∂g L /∂θ = 0 and ∂ 2 g L /∂θ 2 > 0. The entropy change is then ∆s = -dK 1 dT sin 2 θ eq + µ 0 dM s dT H cos θ eq + H ⊥ sin θ eq

(3) The term proportional to dM s /dT describes the contribution associated with ordering or disordering of magnetic spins, while the term proportional to dK 1 /dT is an additional contribution related to the magnetic anisotropy energy.

The microscopic origin of the term proportional to dK 1 /dT has to be found in the anisotropic magnetization mechanism [START_REF] Callen | Anisotropic magnetization[END_REF]: the spin system is more disordered (high entropy state) when the magnetization points along an hard direction. A particularly interesting case is when K 1 is positive and the magnetic field is applied parallel ( ) or perpendicular (⊥) to the easy axis [START_REF] Basso | Er2Fe14B single crystal as magnetic refrigerant at the spin reorientation transition[END_REF]. We have for ( ):

∆s(H ) = µ 0 dM s dT H (4) 
and for (⊥) 

∆s(H ) -∆s(H ⊥ ) = dK 1 dT (7) 
When looking for relevant materials, one has to consider that the deviation from the easy axis must be obtained by not too large fields, (i.e. small with respect to H AN ). This situation naturally occurs in materials with a spin reorientation transition in which the main anisotropy constant K 1 crosses zero at the spin reorientation temperature, T = T SR . As we describe in the next section, our model of an artifical SRT in a ferromagnetic multialyer requires us to find conditions on the anisotropy properties of the two layers such that the overall anisotropy of the multilayer vanishes at a particular temperature. The remainder of this article is organised as follows: in section II we describe our model of a system of two, magnetically hard ferromagnetic layers with perpendicular anisotropy axes, and make a prediction of the magnitude of the rotating field MCE if MnBi and Co are used as the two layer materials. Results of the micromagnetic model of exchange coupling are given in section III and conclusions are drawn in section IV.

II. ARTIFICIAL REORIENTATION MODEL

The field of thin film spin reorientation (SRT) has been explored widely, albeit not with a magnetocaloric motivation. SRT studies have included those of ultrathin ferromagnetic films, where film thickness, temperature or magnetic field can be used to drive a transition from outof-plane to in-plane magnetisation [START_REF] Jensen | Magnetic structure of films: Dependence on anisotropy and atomic morphology[END_REF]. Theoretical work predicted that a ferroelectric layer be used to provide electrical switching of the magnetisation of a neigbouring ferromagnetic layer, via SRT [START_REF] Pertsev | Giant magnetoelectric effect via straininduced spin reorientation transitions in ferromagnetic films[END_REF] and this concept has been demonstrated in Cu/Ni multilayers on BaTiO 3 [START_REF] Shirahata | Electric-field switching of perpendicularly magnetized multilayers[END_REF].

Our focus is on the magnetocaloric properties of a layered system in which the SRT is of a different physical origin to that found in ultrathin ferromagnetic films. We consider a multilayer stacked in the x-direction in which two ferromagnetic materials A and B both have uniaxial anisotropy but perpendicular orientations of their easy axes in the y -z plane. As a specific case we consider material A with an easy axis directed along z and material B with an easy axis directed along y perpendicular to z. Considering uniaxial anisotropy to the first order, we have that the anisotropy energy of A is

K 1 A sin 2 θ A while for B is K 1 B sin 2 (θ B -π/2)
where θ A and θ B are the angle between the magnetisation of the A-or B-layer and their respective easy axes. For independent layers (without interlayer exchange) the free energy density is the sum of the two individual layer energies:

f L = v A K 1 A sin 2 θ A + v B K 1 B sin 2 (θ B -π/2) , (8) 
where v A and v B are the volume fractions of A and B. As the anisotropy of B can be expressed as

K 1 B sin 2 (θ B - π/2) = K 1 B cos 2 θ B = K 1 B (1 -sin 2 θ B )
, the orientation of the easy axis of layer B along y corresponds to an effective negative anisotropy constant (along z). We may then use energies

K A sin 2 θ with K A = K 1 A > 0 for A and K B sin 2 θ with K B = -K 1 B and K B < 0 for B.
When interlayer exchange is taken into account one has to make a full micromagnetic model of the multilayer. If the exchange interaction dominates, the magnetization of A and B will be perfectly coupled θ = θ A = θ B . The free energy will be:

f L = (v A K A (T ) + v B K B (T )) sin 2 θ . (9) 
If the condition v A K A = -v B K B is realized the total anisotropy will vanish. If the anisotropy constants are both temperature dependent, there will be a particular temperature T SR at which this condition will be fulfilled and at which we will have an artificial reorientation of the magnetization. The contribution to the entropy is s = -df /dT and the entropy difference between the state of the multilayer in a magnetic field which is parallel ( ) or perpendicular (⊥) with respect to z will be ∆s = s -s ⊥ :

∆s = v A dK A dT + v B dK B dT , (10) 
because with θ = 0 ( ) s = 0 and with θ = π/2 (⊥)

s ⊥ = -(v A dK A /dT + v B dK B /dT ).
If the A material has dK A /dT > 0 and the B material has dK B /dT > 0 (i.e. dK 1 B /dT < 0) the two contributions in Equation 10 will add constructively as shown in Figure 1 and the entropy change between ( ) and (⊥) will be maximized. 

A. Predictions of the properties of a composite Co and MnBi system

To maximize the MCE under field rotation we select two materials A and B such that dK 1 A /dT > 0 and dK 1 B /dT < 0. As an example we take MnBi as material A and Co as material B. The selected materials have the following intrinsic properties at room temperature (T = 293 K).

• The low temperature phase (LTP) of MnBi has µ 0 M s = 0.72 T, K 1 = 9 × 10 5 Jm -3 [START_REF] Coey | Magnetism and magnetic materials[END_REF], dK 1 /dT = 5.5×10 3 Jm -3 [START_REF] Kittel | Physical theory of ferromagnetic domains[END_REF]. Its physical density is 9350 kgm -3 [START_REF] Zhang | Structural and magnetic properties of bulk MnBi permanent magnets[END_REF].

• Cobalt has µ 0 M s = 1.81 T, K 1 = 4.1 × 10 5 Jm -3
[19] and dK 1 /dT = -2.1 × 10 5 Jm -3 [START_REF] Paige | The magnetocrystalline anisotropy of cobalt[END_REF]. Its physical density is 8900 kgm -3

Among ferromagnets, MnBi has the unusual property of having dK 1 /dT > 0 at room temperature. This is the consequence of an intrinsic spin reorientation at around 100 K [START_REF] Chen | The phase transformation and the physical properties of the MnBi and Mn1.08Bi compounds[END_REF]. In MnBi, K 1 reaches a maximum at around 500 K and then decreases. By taking ideal exchange coupling, to obtain zero anisotropy at room temperature, the ratio of layer thicknesses in the proposed multilayer has to be the inverse of the ratio of the anisotropy constants:

d Co d M nBi = K 1,M nBi K 1,Co 2.2 (11) 
The phase fractions in this example will therefore be p Co = 0.69 and p M nBi = 0.31. The typical entropy change ∆s = dK/dT results in ∆s = 0.34 Jkg -1 K -1 .

In order to determine the conditions for the exchange coupling between A and B we perfrom a micromagnetic analysis of the multilayer.

B. Micromagnetics of exchange-coupled multilayers

The problem of the magnetization configuration adopted by a multilayer can be well expressed by micromagnetic theory where the energy of the system is a functional of the magnetization vector field M(r) and is the sum of several contributions: exchange, anisotropy, magnetostatic and applied field [START_REF] Bertotti | Hysteresis in Magnetism[END_REF]. The configurations of minimum energy are given by the solution of a variational problem and can be expressed as m × H ef f = 0 in terms of the reduced magnetization m = M/M s and of the effective field, H ef f :

H ef f = 2 µ 0 M s ∇•(A∇m)- 1 µ 0 M s ∂f AN ∂m +H M +H a (12)
where the first term on the right hand side is the exchange term and ∇ • (A∇m) is a shorthand notation for ∇ • (A∇m x )i + ∇ • (A∇m y )j + ∇ • (A∇m z )k. The anisotropy energy is f AN and it also contains the presence of a unit vector n, indicating magneto-crystalline orientations. H M is the magneto-static field given by the solution of the magneto-static equations (∇•H M = -∇•M and ∇ × H M = 0) and H a is the applied magnetic field. In a magnetic multilayer, all parameters change from layer to layer but the exchange term tends to favor the parallel configuration between layers.

The application of micromagnetic theory to exchange coupling in multilayers has been studied in several contexts and for different magnetic materials. Gonzales et al. [START_REF] Gonzalez | Modeling the influence of intergranular phases on the hysteretic behavior of hard magnetic polycrystals[END_REF] and Navarro et al. [START_REF] Navarro | Effect of the hard magnetic inclusion on the macroscopic anisotropy of nanocrystalline magnetic materials[END_REF] discussed the exchange coupling in hard-soft composites. The problem of the exchange coupling in a magnetic multilayer structure in micromagnetic theory has been studied by Asti et al. [START_REF] Asti | Micromagnetic analysis of exchange-coupled hard-soft planar nanocomposites[END_REF] who studied the nucleation field of hard-soft multilayer. Alvarez-Prado et al. [START_REF] Álvarez-Prado | Competing magnetic anisotropies in exchange coupled bilayers with growth-induced orthogonal uniaxial axes[END_REF] solved numerically the micromagnetic equation for the case of a bilayer with orthogonal anisotropy axis. Dubuget et al. [START_REF] Dubuget | Magnetization dynamics of soft films with thickness-dependent anisotropyPhys[END_REF] solved numerically the integral equation for the bilayer. Here we solve our problem numerically under rotating magnetic field in order to determine the typical thicknesses which lead to exchange-coupled layers. 

III. RESULTS

A. Competition between exchange and perpendicular anisotropies

The main feature of the multilayer with perpendicular uniaxial anisotropies is the competition between the exchange, which favors the parallel alignment of different layers, and the local anisotropies, which favor the alignment with the local easy axis. We consider an infinite multilayer composed by an alternating sequence of layers A and B (shown in Fig. 2). We limit to the case in which the magnetic field is in the (y -z) plane and the magnetization changes in space only along x. We have m x = 0 and m y = sin θ, m z = cos θ. We let the limits of the system in the (y -z) plane to go to infinity and in this way the configurations are stray field free (H M = 0). The thickness of the layer A is d A and the thickness of the layer B is d B . The sum is 2d = d A + d B . We place the point x A in the middle of layer A, the point x B in the middle of layer B and the point x 0 at the conjunction of the two layers. Any solution must have a period 2d in space and the points x A and x B are extrema with ∂θ/∂x| x A ,x B = 0. For our case, the only relevant component of the micromagnetic effective field is the one perpendicular to the local magnetization

H ef f ⊥ = M s l 2 EX ∂ 2 θ ∂x 2 -H AN sin θ cos θ + H a sin(θ H -θ) (13) 
where l 2 EX = 2A/(µ 0 M 2 s ) is the exchange length, H AN = 2K/(µ 0 M s) is the anisotropy field and θ H is the angle formed by the applied field with the z axis. In the presence of different layers, the parameters M s , l EX and H AN change values from layer A to layer B and in particular we have positive H AN,A and negative H AN,B . The exchange boundary condition at the interface is

A A ∂θ ∂x x - 0 = A B ∂θ ∂x x + 0 . (14) 
The configurations of minimum energy are given by H ef f ⊥ = 0. In the following we will derive the configurations realized by a rotating applied field.

B. Rotating applied field

To simplify the problem we select |H AN,A | = |H AN,B | = H AN and normalize all the the fields to H AN . We have the normalized effective field

h ef f ⊥,i = l 2 wi ∂ 2 θ ∂x 2 -κ i sin θ cos θ + h a sin(θ H -θ) (15)
where l 2 wi = A i /|K i | is the typical domain wall width for the layer i = A, B and κ i = sgn(K i ). We also choose A A = A B and therefore l w = l w A = l w B . The configuration of the energy minimum is obtained for each θ H by a relaxation method in which the angle θ is changed according to the equation ∂θ/∂t = α G h ef f,⊥ , where α G is the Gilbert damping, until the condition h ef f ⊥,i = 0 is met. The solutions were computed numerically with κ A = 1 and κ B = -1 by discretization of the space in ∆x/l w = 0.05 and with time steps ∆tα G = 10 -3 and equilibrium was assumed when |h ef f,⊥ | < 10 -3 . Figures 3 and 4 give example outputs for θ(x). Fig. 3 shows the angle θ for several values of d/l w . Fig. 4 shows the case d/l w = 10 for several values of magnetic field h a and θ H = 0.

Under rotating magnetic field we are interested in the minimum amplitude of h e f f = h 0 for which the full solution θ(x) has a compete rotation over a distance 2d in the x-direction. Fig. 5 shows the difference between the average magnetization angle < θ >= (1/d) θ(x)dx and magnetic field angle θ H for different values of amplitude h a with d/l w = 1. In Fig. 6 we see that with h 0 = 0.01 the magnetization does not follow the magnetic field. Finally, Fig. 7 shows h 0 as a function of d/l w . From Fig. 7 one can determine the thicknesses of the layers necessary to achieve the desired coupling. With typical thickness d l w the exchange coupling is sufficient to reduce the magnetic field necessary for the full rotation by a factor of 10 with respect to the uncoupled case.

For a MnBi/Co multilayer, the average saturation magnetization is µ 0 < M s >= 1.47 T and the average anisotropy field is µ 0 < H AN >= 0.95 T. By using A = 10 -11 Jm -1 and K 5.6 × 10 5 Jm -3 as the These typical sizes can be achieved by several modern technologies such as sputtering, evaporation, nanoparticles fabrication techniques, etc. With these values the entropy change of the reorientation can be obtained with rotating magnetic field of amplitude ∼ 0.034 T than can be easily generated within iron yokes by both permanent magnets and electric current windings.

IV. CONCLUSIONS

In this paper we have computed the magnetocaloric effect associated with the rotation of the magnetization in an exchange coupled multilayer composed of two ferromagnetic materials A and B with uniaxial anisotropy axis perpendicular to each other. Layers A and B are exchange-coupled and their aniostropy constants have different temperature dependences (positive for A and negative for B). Such conditions present a spontaneous reorientation of the magnetization at T SR between the easy axes of A and B. We compute the maximum entropy change associated with the reorientation at T = T SR . For A=MnBi and B=Co we have an entropy change of ∆s = 0.34 Jkg -1 K -1 for perfect exchange coupling.

The behavior of the system under rotating magnetic field depends on the ratio between the layer thicknesses and the intrinsic length l w = A/K. Micromagnetic calculations provide the minimum field amplitude necessary to have a complete rotation of the magnetization as a function of the ratio d/l w where d is the layer thickness. Our micromagnetic calculations show that for d l w the switching field is reduced by a factor 10 with respect to the Stoner Wohlfarth field in the case of no exchange coupling and the maximum entropy change, while small (0.34 Jkg -1 K -1 ), is reached in a very small magnetic field of only ∼ 0.034 T. This represents a ∆s/µ 0 ∆H response of around 10 Jkg -1 K -1 T -1 which is comparable with that of large magnetocaloric effect materials. These first results therefore indicate that layer materials with optimized dK1 dT values should yield yet higher ∆s and ∆s/µ 0 ∆H values.
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 1 FIG.1: Sketch of the anisotropy constants as a function of temperature for layers A and B which give a maximum entropy change at the transition temperature (KA + KB = 0).
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 2 FIG. 2: Illustration of the angle of the magnetization θ(x) in the multilayer. The midpoints of layers A and B are at xA and xB, respectively.
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 1394 FIG.3: Numerical solution of the equilibrium angle θ(x) between the magnetization and the z-axis (the easy axis of layer A) for several values of the effective layer thickness to domain wall ratio d/lw. In this case, ha = 0.
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 516 FIG. 5: Difference between the average magnetization angle < θ > and magnetic field angle θH for different values of amplitude ha with d/lw = 1

FIG. 7 :

 7 FIG.7: Minimum amplitude of rotating magnetic field h0 for which the solution θ(x) has a compete rotation. In the limit of large d one has the behavior of independent layers with the switching field predicted by the Stoner Wohlfarth model h0 = sin 3 (π/4).

  AN where H AN is the anisotropy field H AN = 2K 1 /µ 0 M s . At H ⊥ < H AN the entropy change depends on the difference dK 1 /dT -µ 0 (dM s /dT )H AN . If the temperature derivatives of the saturation magnetization, dM s /dT , and of the anisotropy constant, dK 1 /dT ,

	∆s(H ⊥ ) = -	dK 1 dT	-µ 0	dM s dT	H AN	H ⊥ H AN	2	(5)
	for H ⊥ < H AN and						
	∆s(H ⊥ ) = -	dK 1 dT	+ µ 0	dM s dT	H ⊥	(6)
	for H ⊥ > H both have the same sign, the resulting MCE under al-
	ternating field will be the difference of the two contri-
	butions giving no possibility to exploit the anisotropy
	effect. However, at magnetic fields above the anisotropy
	field, and for a magnetic field rotation from (⊥) to ( )
	the term dM s /dT is eliminated and only the anisotropy
	contribution remains:						
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