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Magnetocaloric and Magnetostrictive Materials 

The magnetocaloric effect ("MCE") and the concept of magnetic cooling at room temperature 
has received renewed interest in recent years due to the discovery of new materials. This short 
workshop will provide an introduction to the field of magnetocaloric materials. 
Magnetocaloric materials often possess other interesting properties (magnetoresistance, 
magnetostriction) associated with the magnetic transition at which the magnetocaloric effect 
is maximal. For this workshop, topics to be covered include: the magnetocaloric effect, 
metamagnetism, non-collinear magnetic order and magnetostriction. Many promising 
magnetocaloric materials show a strong magnetoelastic interaction. It is therefore natural to 
confront new scientific results in the field of magnetostriction with those on the 
magnetocaloric effect. 

Workshop Aims 

The first MMMR workshop was held in Cambridge in 2006 and was focused on 
magnetocaloric materials. This workshop in Vienna aims to bring together scientists 
specialized in magnetocaloric materials with those doing research in magnetostriction in order 
to stimulate new developments in both fields of research. 

Format 

The workshop consists of a series of oral presentations in a relaxed setting, with plenty of 
time for discussion.  

Meals and Drinks 

You are invited to join our workshop lunches and dinner.  

Dinner on Tuesday 19:00 will be opened by an aperitivo served to the sounds of original 
Viennese music played by the “Glasscherben” Schrammel Quartett.   

Please note that with lunches/dinners only one free drink is included, further drinks please pay 
on your own expense. 

 

 

 

 
 
 



Scientific Program 

 
Monday, 13th August  

13:00 Registration and coffee 
13:55 Welcome and Introduction 

14:00 Session I    Magnetostriction, Chair: M. Loewenhaupt 

14:00-15:45 A. del Moral Forced magnetostriction in uniaxial itinerant ferromagnets: 
a many body effect 

15:45-16:30 S. Khmelevskyi and P. Mohn First-principle modelling of anomalous 
magnetovolume effects in metallic alloys and compounds. 

 
16:30 Coffee break  

16:45 Session II  Magnetocaloric Effect and Magnetic Anisotropy , Chair: H. Michor 

16:45-17:45 Karl G. Sandeman Not so easy: magnetocaloric effects from anisotropy 
changes 

17:45-18:30 Pramod Kumar, K. G. Suresh and A. K. Nigam Magnetism and 
magnetocaloric effect in the rare-earth intermetallic compounds RAl (R 
= Gd, Dy and Er) 

 

19:00 Dinner 



Tuesday, 14th August 
 

 9:00 Session III Applications, Chair: K. Sandeman 

9:00-9:45 Michael D. Kuzmin Factors Limiting the Operation Frequency of Magnetic 
Refrigerators 

9:45-10:30 M. Diebold, A. Kitanovski, D. Vuarnoz, P.W. Egolf  Force, torque and 
energy of machines with porous magnetisable wheels 

 
10:30 Coffee break 

10:45 Session IV New Instrumentation and High magnetic Fields, Chair: A. del Moral 

10:45-11:30 Michaela Kuepferling, Carlo Sasso, Vittorio Basso, Laura Giudici, A.M. 
Pereira and J.P. Araujo A Peltier cell calorimeter for the direct 
determination of the entropy change in magnetic materials 

11:30-12:30 M. Doerr, M. Rotter, S.Raasch, T. Tsutaoka, M. Zschintzsch Structural 
Irreversibilities in Rare Earth Compounds 

12:45 Lunch 
 
14:00   Session V Gadolinium based Systems, Chair: P. Wisniewski 

14:00-14:45 J.D. Moore, K.Morrison, L.F. Cohen, G.K. Perkins, D.L. Schlagel, T.A. 
Lograsso, K.A. Gschneidner,Jr. & V.K. Pecharsky Scanning Hall 
imaging of the paramagnetic to ferromagnetic transition in single crystal 
Gd5Si2Ge2 

14:45-15:30 Anton Devishvili, Martin Rotter, Mathias Doerr, Jana Vejprarova, Jan 
Prokleska Using McPhase to calculate magnetoelastic and 
magnetocaloric properties of GdRu2Si2 

15:30 Coffee break  

15:45 Session VI Manganese based Systems, Chair: V. Franco 

15:45-16:30 Alexander Barcza, Karl G. Sandeman, From Sensitivity to Tunability in 
CoMnSi-based magnetocaloric compounds 

16:30-17:15 K. Morrison, Y. Miyoshi, James Moore, Karl Sandeman, D. Caplin, L F 
Cohen The Magnetocaloric Properties of CoMnSi0.95Fe0.05 

17:15-18:30 Luana Caron, Ekkes Brück, Sergio Gama Inverse Magnetocaloric Effect 
on Mn2-xCrxSb Compounds 

19:00 Concertino and Dinner 



Wednesday, 15th August 

9:00 Session VII  Magnetocaloric Materials, Chair:  M. Doerr 

9:00-9:45 V. Franco, J.S. Blázquez, J.M. Borrego, M. Millán, C.F. Conde, A. Conde 
Soft magnetic materials for magnetic refrigeration: field dependence and a 
universal curve 

9:45-10:30 Niels Vestergaard Jensen, Stinus Jeppesen, Jesper Buch Jensen,  Luise 
Theil Kuhn, Kim Lefmann, Jørn Bindslev Hansen Structural and magnetic 
characterisation of the Ga or Sc-doped magnetocaloric material 
La0.67Ca0.33MnO3 

 
10:30 Coffee 
 
 
10:45 Session VIII Magnetostriction in Complex Systems, Chair: M. Rotter 

10:45-11:30 H. Michor, H.Rosner, M. Doerr, J. Perenboom, M. Rotter, W. Schnelle, 
U. Schwarz, E. Bauer, G. Hilscher  Magneto-volume coupling of itinerant 
magnetism in RCo9Si4 

11:30-12:15 Piotr Wisniewski Huge, possibly magnetostriction-driven, spontaneous 
anisotropy of electron transport properties in cubic 3:4 uranium 
pnictides. 

 

12:30 Closing and Lunch 
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Forced magnetostriction in uniaxial itinerant ferromagnets: a many body 
effect 

 
A. del Moral 

 
 Laboratorio de Magnetismo, Departamento de Física de Materia Condensada & ICMA, Universidad 

de  Zaragoza and CSIC, 50009 Spain 
 

Forced magnetostriction (FMS) is the magnetostriction (MS) always appearing in parallel 
with the forced magnetization (FMA) in paraprocess regime, i.e. putting aside crystal field 
effects. A model of FMS for uniaxial iron based weak ferromagnets is presented, together 
with experimental FMS and FMA results in iron rich weak ferromagnets (FM) 
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17"xCox( ), in the form of single crystals. The simplicity 
of those systems is that the Fe atoms form “dumbells“ (nearest-neighbours, NN), isolated by 
electron hopping from the remainder Fe lattice [1], so allowing an exact calculation of FMS. 
Two irreducible modes of FMS have been determined: volume 

! 

"
#,1 and pure tetragonal 
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"
#,2 , 

applying strong pulsed magnetic fields up 30T and in the temperature range 5-300K, along 
the easy directions (a-axis in hexagonal structure Fe 2-17 and b-axis in Fe 2-14), in order to 
avoid rotational MS and spin fluctuation contributions. However for FMS work it is far better 
to work with magnetostrictivities (MSS), 
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"
mel

#,i $ %&#,i %H( ), i=1,2 [2]. The main aim of our 
work is to show that FMS is the result of many-body interactions and  constitutes a good 
probe to investigate the effective weak electron correlations found in those itinerant 
ferromagnets, when the two-atom approximation is applicable. A surprising result is that the 
determined effective repulsion, 
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U
eff  is about three orders of magnitude (
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" 1 meV) smaller 
than the on-site (bare), U 

! 

"1 eV. In our developed model we show that FMS is a many body 
effect, explained by the use of a t-J-U Hubbard Hamiltonian, where t is the hopping matrix, J 
the interatomic pair atom exchange interaction and U the on-sitee (bare) 3d-electrons 
Coulomb repulsion. The Hamiltonian, 
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H = HCEF + HSO + HZ+EX + Hhop +Uint , includes crystal 
field (CEF), spin-orbit (SO), Zeeman and exchange (Z+EX), hopping and U interactions. U 
must be the source of FMS since it is strongly interelectron distance (MS) dependent, and 
therefore becomes the main source of FMS. Since hopping and exchange stem from the 
spatial dependence of t(r) and J(r), they strongly influence  
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U
eff  (t mainly) and so the FMS. 
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where now 
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r = $, %$( )  is Fe-Fe distance dependent, and prone to be treated within the 

Hartree-Fock approximation. It can be shown that bare U is strongly reduced, becoming [3] 
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projected band onto the Fe-Fe dumbbell is of “bonding” type. U in the intraband 

! 

xz + i yz  
repulsion,
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, since this band is the closest to Fermi level and because hopping must be 

intraband in order to have CEF MS [2], as experimentally observed .   
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T( )  is the FMA high field susceptibility and m(T) the reduced saturation 
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orbital transverse fluctuations). The 

! 

" "#$,1 %
hf
m[ ]( )

T
were determined measuring M under 

strong applied pressure (up to 

! 

" 10 kbar). Therefore FMS gives important information about 
the electronic structure and electron correlation in uniaxial itinerant ferromagnets. In Table 1 
are gathered the results obtained for some of the aforementioned compounds. Paramount is 
the result that for a bare U repulsion of 

! 

" 1 eV, the 

! 

U
eff  values are reduced by about three 

orders of magnitude. The U values are fixed by the condition that the local halfbandwith 
(HBW) is equal to 

! 

t
i
. Notice that the U values, an important piece of information rarely 

precisely known in ferromagnetic metals and intermetallics, can be well determined by FMS.     

Table 1 .- Coulomb effective potential Ueff (from forced MS measurements), intra-band hopping 
matrix element (

! 

t
i
) and intersite Fe-pair exchange (J) for Y2Fe17 and Y2Fe14B ferromagnets [3]. 

Compound     c (Å) (#) 

! 

U
eff (meV) (*) 

! 

HBW eV( ) (&)    

! 

t
i
(eV) (+)      J (meV)    U (eV) 

 

! 

Y2Fe17      8.286      0.1     0.3       0.298      6.2 (a)     1.2   

 

! 

Y2Fe14B      12.00      3     0.12       0.125     10.9 (b)     0.5   

(#) lattice parameter; (*) from forced magnetostriction measurements; (&) from [4],[5]; (+) obtained 
values for quoted U values; (a)calculated, from [4]; (b) calculated, from [5] and

! 

Y
n
Fe

m
 interpolation. 

 
References 
[1] K.Kulakowski and A. del Moral, Phy.Rev.B 50 (1994) 234; ibid. 52 (1995) 15943.  
[2] A. del Moral, C. Abadía and B. García-Landa, Phys.Rev.B 61 (2000) 6879. 
[3] A.del Moral, A. Fraile, S. Nikitin, N. García ,C. de La Fuente and B. García-Landa (2007) to be published. 
[4] R. Cohehoorn, Phys.Rev.B 39 (1989) 13072. 
[5] R.F. Sabiryanov and S.S. Jaswal, Phys.Rev.B 57 (1998) 7767. 
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First-principle modelling of anomalous magnetovolume effects in metallic 
alloys and compounds. 

 
S. Khmelevskyi1 and P. Mohn1 

 
1 Center for Computational Material Science, Vienna University of Technology, Getreidemarkt 5/134, Vienna, 

Austria 
 

 
 Changes in the magnetic state of the materials, occurring either due to sharp metamagnetic transition 
or thermally induced magnetic disorder, often leads to the large (even anomalous) changes in the 
crystal volume. An identification of a physical origins of such changes and their quantitative  modeling 
constitutes a very challenging theoretical task. One of the main difficulties arises from the fact that in 
most of the practically important cases one need to model an influence of the thermal magnetic 
disorder on the electronic properties of the lattice. A famous example is the Invar problem, where 
the volume changes associated with thermal magnetic excitations leads to the compensation of the 
lattice expansion due to unharmonicity of the lattice vibrations. Another example includes giant 
magneto-caloric materials, where the metamagnetic phase transitions accompanied by large volume 
changes occur at elevated temperatures (FeRh, MnAs etc). It is interesting that the later materials 
also exhibit Invar related anomalies in their thermal expansion: MnAs – Invar-like below Tc, whereas 
FeRh – anti-Invar-like above. 

Here we present an applications of various theoretical models of thermal magnetic disorder, which 
allows to tackle with the problem on the first-principles basis and unambiguously resolved a 
mechanisms behind anomalous magnetovolume effects in considering materials.  

Fig.1 Calculated spontaneous volume magnetostriction of Invar alloys with different crytal structures.  

 

We show [1,2] for the systems with well localized magnetic moments, like Laves Phase RECo2 [1] 
and hcp Gd [2] metals, where we show that magnetovolume anomalies can be understood on 
quantitative level as non-trivial changes in induced magnetic polarization of the conduction band due 
to thermal disorder of the local moments. For Fe-based binary Invar alloys we have established a 
quantitative picture of Invar effects based on the application of the Disordered Local Moment 
formalism for the calculation of the spontaneous volume magnetostriction [3]. It has allowed to 
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describe the experimentally observed dependence of the Invar anomaly on the alloy compositions for 
number of known disordered binary Invar-like alloys (fcc Fe-Pt, Fe-Pd and bcc Fe-Co [4] as well 
as for ordered Fe-Pt [5] and metastable fcc Fe-Cu [6] (see Fig. 1). It appears that the Invar effects 
is originated from the weaking of the local atomic magnetic moments due to effect of the magnetic 
disorder on the electronic structure at finite temperatures. 

 

We will also discuss the magnetovolume anomaly in the classical Fe-Ni Invar alloy. Our recent 
results suggest that similar mechanism leads to the thermal expnasion anomaly in this alloys. The 
stabilization of antiferomagnetic interactions in Fe-Ni claimed earlier in literature [7] relates rather to 
the properties of this alloy under ultra high pressures. The anomalous rate of inter-atomic exchange 
interactions at the equlibrium volumes, however, cannot be complitely disregarded.  

Some applications of the DLM to study the magnetovolume anomalies in giant magneto-caloric 
materials such as MnAs and FeRh will be also presented. 

 
References 
[1] S. Khmelevskyi, P. Mohn, Phys. Rev. B 66 220404(R) (2002). 
[2] S. Khmelevskyi, I. Turek, P. Mohn, Phys. Rev. B 70, 132401 (2004). 
[3] S. Khmelevskyi, I. Turek, P. Mohn, Phys. Rev. Lett. 91, 037201 (2003) 
[4] S. Khmelevskyi, P. Mohn, Phys. Rev. B 69 140404(R) (2004). 
[5] S. Khmelevskyi, A. V. Ruban, Y. Kakehashi, P. Mohn, B. Johansson, Phys. Rev. B 72, 064510 (2005). 
[6] S. Khmelevskyi and P. Mohn, Phys. Rev. B 71, 144423 (2005). 
[7] M. van Schilfgaarde, I. A. Abrikosov, and B. Johansson, Nature 400, 46 (1999). 
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Not so easy: magnetocaloric effects from anisotropy changes 
 

Karl G. Sandeman1 

 
1 Department of Materials Science and Metallurgy, University of Cambridge, New Museums Site, 

Pembroke Street, Cambridge, CB2 3QZ, United Kingdom 
 

10 years have passed since the discovery of giant magnetocaloric effects in Gd-Si-Ge 
compounds and the start of the current resurgence of interest in the field of room temperature 
magnetic refrigeration.  In that time, the vast majority of magnetocaloric effects studied have 
been derived from materials with a Curie or a metamagnetic transition.  There is good reason 
for this focus.  Such transitions are the natural place to look for large, magnetically-induced 
isothermal entropy changes, coming from the –MdH term in the Gibbs free energy of a 
magnetic material: 

dG = −SdT − MdHM + Kl
m (HM )d Yl

m (ΩM )( )
m=−l

m= l

∑
l
∑   ,   (1) 

where HM is the external field in the direction of the magnetization (direction ΩM) and the 
anisotropy part of the free energy has been written as an expansion of the anisotropy energies, 
Kl

m, in terms of spherical harmonics, Yl
m of even l.  

There is, however, the possibility that sizeable magnetocaloric effects can be associated with 
rapid changes in either the anisotropy energy of a material, or in the angle of the 
magnetization vector (spin-reorientation transitions) [1].  Both are associated with the 
temperature dependence of the third term in the Equation 1, although discussion in the 
literature is, thus far, limited in scope.    

The presentation will introduce changes in anisotropy as a route for observing new 
magnetocaloric effects in the context of both known materials with a spin reorientation 
transition and those with coupled phases with temperature-sensitive magnetic anisotropy, 
making the link in the latter case with exchange spring magnets and exchange bias materials. 

 
 
References 
[1] M.D. Kuz’min and M. Richter, “On the latent heat of high-temperature spin reorientation transitions”, Appl. 
Phys. Lett., 90 132509 (2007). 
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Magnetism and magnetocaloric effect in the rare-earth intermetallic compounds 
RAl (R = Gd, Dy and Er) 

Pramod Kumar1
, K. G. Suresh1 and A. K. Nigam2 

1 Department of Physics, I.I.T Bombay, Mumbai-400076, India. 
2 Tata Institute of Fundamental Research, Homi Bhaba Road, Mumbai 400005, India. 

 
 

Abstract 

Over the years, the study of magnetocaloric effect (MCE) in a magnetic material has been 
developed into an efficient tool to understand the correlations between its magnetic, structural 
and thermal properties [1]. MCE in a magnetic material is observed as the isothermal 
magnetic entropy change or as the adiabatic temperature change in the presence of an external 
magnetic field. The recent studies on the MCE of various materials affirm that a high value of 
MCE is the most important requirement for a magnetic solid for magnetic refrigeration 
applications. We present here the study of magnetic and magnetocaloric properties of the 
intermetallic compounds RAl (R=Gd,Dy and Er). All these polycrystalline compounds are 
single phase and crystallize in the orthorhombic structure. The temperature dependence of 
magnetization show antiferromagnetic ordering below their respective Neel temperatures 
(TN). The Neel temperatures are found to be 45 K ,24K and 10 K for GdAl , DyAl and ErAl 
respectively. The presence of metamagnetic transitions has been observed in both these 
compounds in their magnetization-field isotherms measured at low temperatures. The 
transition in case of GdAl has been found to be very sharp as compared to that in DyAl and 
ErAl. The MCE has been calculated in terms of isothermal magnetic entropy change using the 
magnetization isotherms obtained at various temperatures chosen around their respective TN. 
The maximum values of MCE have been obtained to be 9.5 J/Kg K, 6.2 J/Kg K and 13 J/Kg 
K for GdAl, DyAl and ErAl respectively for a field change of ∆H = 50 kOe. The refrigerant 
capacities have been calculated to be 122 for GdAl , 291 for DyAl and 190 J/Kg ErAl. The 
field dependencies of MCE obtained for temperatures well above TN in both compounds is 
found to be quadratic, probably indicating the presence of spin fluctuations in the 
paramagnetic region. A detailed correlation between the magnetic and the magnetocaloric 
properties of these compounds will be presented, taking into account the complex magnetic 
structures of these compounds. 
 
Reference 
 
[1] K. A. Gschneidner Jr., V. K. Pecharsky and A. O. Tsokol, Rep. Prog. Phys.,  68 (2005) 
1479. 
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Factors Limiting the Operation Frequency of Magnetic Refrigerators 
 

Michael D. Kuzmin 

 
Leibniz-Institut für Festkörper- und Werkstoffforschung ,PF 270116, D-01171 Dresden, Germany 

 
 

 
Simple calculations lead to a conclusion that there is an upper bound to the frequency at 

which magnetic refrigerators can operate, fmax ~ 1/τmin ~ 2×102 Hz. Todays best prototype 
devices run at no more than 4 Hz, so there is room for improvement by over one order of 
magnitude. The principal factor limiting the operation frequency is a trade-off between 
thermal conductivity and viscous friction. The main events take place inside the 
magnetocaloric bed – the fundamental unit of any magnetic refrigerator – largely 
independently from the rest of the apparatus. 
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Thermal conductivity is accelerated by fragmenting the refrigerant material (making dr 
small), while the delay due to viscous friction is reduced by way of widening the channels for 
the heat-exchange fluid (making df large). Both processes cannot be optimized independently 
because the two characteristic dimensions are related by the requirement of low porosity of 
the bed, dr ≈ 2df. A compromise reached at dr ~ 0.1 mm minimizes the total relaxation time,  

2
min 10 /lτ η ∆Tκ , where l ~ 1cm is the length of the bed, η is the viscosity of the heat-

exchange fluid (water), κ is the thermal conductivity of the solid refrigerant (Gd) and ∆T is 
the adiabatic temperature change. 

 



Tue 9:45-10:30                              Session III

Force, torque and energy of machines with porous magnetisable wheels

M. Diebold, A. Kitanovski, D. Vuarnoz, P.W. Egolf1

University of Applied Sciences of Western Switzerland,
Route de Cheseaux 1, 1401 Yverdon-les-Bains, Switzerland

A magnetisable or magnetocaloric material - which offers a direct and highly efficient link
between the quantum-mechanical spin system of the electrons and the thermal energy of the
lattice - is partly subjected to a magnetic field. Heat is injected to the material by a convective
fluid flow flowing through the part of a porous wheel located in the magnetic field. The tem-
perature rise of the material is by some means also confined tothe part in the field and when
this temperature rises beyond the Curie temperature, the magnetisation of this material shows
a steep decrease. Therefore, at the entrance and exit of the magnetized part of the machine
there occur large absolute values of the directional derivatives of the magnetic field. The dif-
ference between the force of attraction of the cold magnetocaloric material in the zone of the
entrance - which is proportional to the field derivative - andthe much smaller force of the hot
demagnetised material close to the exit moves the material which may be of solid or of particle
suspension composition. Continuous operation of this process results in sustained displacement
of the material. The kinetic energy of the moving material isconverted to electrical energy in an
appropriate device which could be a turbine or a magnetohydrodynamic generator. The Mag-
netocaloric Power Generator (MPG) may use magnetocaloric material in compact solid form or
as fine solid dispersion in a carrier fluid. The Curie wheel andthe wheel investigated by Palmy
[1] show this principle by heat and light absorption, respectively.

The force acting on a wheelΩ of volumeVR in an open system is obtained by Einstein’s
summation and a volumetric integration [2], whereasVR is the volume of the material domain:

−→
F = µ0
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The force density related to the force given in eq. 1 in cylindrical coordinates is:

f = µ0

∑

Mi∇H0i = µ0





Mφ
1

r
∂
∂φ
H0φ +Mr

1

r
∂
∂φ
H0r +Mz

1

r
∂
∂φ
H0z

Mφ
∂
∂r
H0φ +Mr

∂
∂r
H0r +Mz

∂
∂r
H0z

Mφ
∂
∂z
H0φ +Mr

∂
∂z
H0r +Mz

∂
∂z
H0z



 (2)

The magnetic field is directed parallel to the z-axis(Hf ≡ 0 and Hr ≡ 0) (see Fig. 1). There-
fore, in the vector only the last three terms containingH0z are not equal to zero. Furthermore,
because the componentH0z of the magnetic field varies only along theφ-direction a single
scalar term remains:

fφ = µ0Mz

1

r

∂

∂φ
H0z (3)

With the package degree of the wheelψ and solving the integral of eq. 1 it follows that:

Fφ = ψµ0

∫ L

0

∫ R2

R1

∫

2π

0

Mi∇H0idφrdrdz = ψµ0L

∫ R2

R1

∫

2π

0

Mz

∂

∂φ
H0zdφdr (4)

1Corresponding author: Peter.egolf@heig-vd.ch
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Figure 1: In this drawing the rotary porous
wheel of a power conversion machine is
shown in cylindrical coordinates. Note the
vertical magnetic field distribution. The rotor
is turning counterclockwise. Therefore, mag-
netic or magnetocaloric material enters the
magnetic field atφ = 0 and turns out of it
atφ = π.

Because of the ideal character of our model with discontinuous field transitions at the inlet and
outlet of the magnetic assembly, Heaviside distributionsθ may be applied:

Fφ = ψµ0LH0z

[

∫ R2

R1

∫ π

2

−

π

2

Mz

∂

∂φ
θ(φ)dφdr +

∫ R2

R1

∫ 3π

2

π

2

Mz

∂

∂φ
θ(π − φ)dφ

]

(5)

The ”derivative” of the Heaviside distribution is the Diracdistribution:

Fφ = ψµ0LH0z

[

∫ R2

R1

∫ π

2

−

π

2

Mzδ(φ)dφdr−

∫ R2

R1

∫ 3π

2

π

2

Mzδ(π − φ)dφ

]

(6)

This finally leads to the one-dimensional force density:

f̃φ = ψµ0LH0z[Mz(r, 0) −Mz(r, π)] (7)

Then the torque for a power conversion machine that turns counterclockwise is:

M =

∫ R2

R1

f̃φrdr = ψµ0LH0z

∫ R2

R1

[Mz(r, 0) −Mz(r, π)]rdr (8)

Finally it is possible to get the mechanical work converted from thermal energy to mechanical
(kinetic) energy during one cycle of the wheel:

dW = Mdφ⇒W = 2πψµ0LH0z

∫ R2

R1

[Mz(r, 0) −Mz(r, π)]rdr (9)

To obtain a reasonable coefficient of performance multi-stage or multi-regneration machines
must be considered. With different signs this theory is alsovalid for magnetic heat pumps and
refrigerators.
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