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Chapterr  2 

Theoreticall  aspects 

Thee magnetocaloric effect (MCE) of a magnetic material is associated with the 

magnetic-entropyy change of the material. The theoretical aspects of the MCE have 

beenn discussed in Refs. 1 and 2. According to thermodynamics, the MCE is 

proportionall  to dM/dT at constant field and inversely proportional to the field 

dependencee of the specific heat cp(TJS). In the temperature region of a magnetic 

phasee transition, the magnetization changes rapidly and, therefore, a large MCE is 

expectedd in this region [3,4]. However, the critical behavior of the physical 

quantitiess in the phase-transition region is so complicated that there is no unified 

theory.. The theoretical description of MCE is still far from complete. Therefore, 

thee adiabatic temperature change ATad of a given material can only be determined 

byy using experimental methods. 

Thee understanding of magnetic phase transitions and the evaluation of the 

entropyy change associated with the magnetic phase transitions, therefore, form an 

importantt part of this thesis. In this chapter, we will first introduce the theoretical 

backgroundd of the MCE. Then, we will give outlines of the Bean-Rodbell model 

[5]]  that we will use to describe the first-order magnetic phase transition in the 

hexagonall  MnFe(P,As)-type compounds. 
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2.11 Gibbs free energy 

Thee thermodynamic properties of a system are fully determined by the Gibbs free 

energyy or free enthalpy of the system. The system we consider here consists of a 

magneticc material in a magnetic field B at a temperature T under a pressure p. The 

Gibbss free energy G of the system is given by 

GG = U-TS + pV-MB, (2.1) ) 

wheree U is the internal energy of the system, S the entropy of the system, and M 

thee magnetization of the magnetic material. The volume V, magnetization M, and 

entropyy S of the material are given by the first derivatives of the Gibbs free energy 

ass follows 

V(T,B,p)V(T,B,p) = - ^ -
\\6p6p )T,B 

M(T,B,p)M(T,B,p) = -

S{TS{TiiB,p)B,p) = -

'dG_\ 'dG_\ 
(2.2) ) 

Thee specific heat of the material is given by the second derivative of the 

Gibbss free energy with respect to temperature 

r^2^\ r^2^\ 
c,(T,B)c,(T,B) = -T VG VG 

dr-dr- ill) ill) 
Jp Jp 
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Byy definition, if the first derivative of the Gibbs free energy is discontinuous 

att the phase transition, then the phase transition is of first order. Therefore, the 

volume,, magnetization, and entropy of the magnetic material are discontinuous at a 

first-orderfirst-order phase transition. If the first derivative of the Gibbs free energy is 

continuouss at the phase transition but the second derivative is discontinuous, then 

thee phase transition is of second order. 

2.22 Magnetic entropy 

Thee total entropy of a magnetic material in which the magnetism is due to localized 

magneticc moments, as for instance in lanthanide-based materials, is presented by 

S(T,B,p)=SS(T,B,p)=Sll(T(TiiB,p)B,p) + Se(T,B,p) + Sm(T,B,p), (2.4) 

wheree Si represents the entropy of the lattice subsystem, Se the entropy of 

conduction-electronn subsystem and Sm the magnetic entropy, i.e. the entropy of the 

subsystemm of the magnetic moments. In magnetic solids exhibiting itinerant-

electronn magnetism, separation of these three contributions to the total entropy is, 

inn general, not straightforward because the 3d electrons give rise to the itinerant-

electronn magnetism but also participate in the conduction. Separation of thee lattice 

entropyy is possible only if electron-phonon interaction is not taken into account. 

Sincee the entropy is a state function, the full differential of the total entropy 

off  a closed system is given by 

dSdS = 'M}'M}  IT 
—— dT + 

(dS_ (dS_ 
dp dp 

\ \ 

Ul„ „ dpdp + \ ^ \ dB. (2.5) 
T,B T,B 

Amongg these three contributions, the magnetic entropy is strongly field 

dependent,, and the electronic and lattice entropies are much less field dependent. 

Therefore,, for an isobaric-isothermal (dp = 0; dT= 0) process, the differential of 

thee total entropy can be represented by 
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dSdS = 
35 5 

dB. dB. (2.6) ) 
JT,P JT,P 

Forr a field change from the initial field B{ to the final field Bf, integration of 

Eq.. (2.6) yields for the total entropy change 

AS(T,AB)=S(T,BAS(T,AB)=S(T,Bff)-S(T,B)-S(T,Bii)) = ASm(T,AB), (2.7) ) 

wheree AB = B f- B,. This means that the isothermal-isobaric total entropy change 

off  a magnetic material in response to a field change AB is also presented by the 

isothermal-isobaricc magnetic-entropy change. 

Thee magnetic-entropy change is related to the bulk magnetization, the 

magneticc field and the temperature through the Maxwell relation 

dB dB II  i dM(T,B)} dM(T,B)} 
dT dT B,p B,p 

Integrationn yields 

(2.8) ) 

(2.9) ) 

Onn the other hand, according to the second law of thermodynamics 

dT dT 

cAT,B) cAT,B) 

JB,P JB,P 

(2.10) ) 

Integrationn yields 
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TTcJT\B) cJT\B) 
S(T,B)S(T,B) = S0+\ p , dT. (2.11) 

JJ T 0 0 

Inn the absence of configurational entropy, the entropy will be zero at T = 0 K, so 

thatt the value of S0 is usually chosen to be zero. Therefore, the entropy change in 

responsee to a field change AB is given by 

AS(T,AB)AS(T,AB) = j - ^  f , p l dT , (2.12) 
oo -* 

wheree cp(T ,Bf) and cp(T ,Bt) represent the specific heat at constant pressure p 

inn the magnetic field Bf and Bu respectively. 

2.33 The Bean-Rodbell model 

Beann and Rodbell [5] have proposed a phenomenological model that describes the 

first-orderfirst-order phase transition in MnAs. Blois and Rodbell have used this model to 

explainn the first-order magnetic phase transition observed for MnAs [6], Zach et al. 

[7]]  have used this model in a semiquantitative analysis of the magnetic phase 

transitionn in the MnFePt.xAsx series of compounds. In this section, we will 

introducee the Bean-Rodbell model. 

Thiss model correlates strong magnetoelastic effects with the occurrence of a 

first-orderfirst-order phase transition. The central assumption in the model of Bean and 

Rodbelll  is that the exchange interaction (or Curie temperature) is strongly 

dependentt on the interatomic spacing. In this model, the dependence of Curie 

temperaturee on the volume is represented by 

TTcc=T=T00[l[l  + p(V-V0)/V0], (2.13) 
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wheree Tc is the Curie temperature, whereas T0 would be the Curie temperature if 

thee lattice were not compressible, and V0 would be the volume in the absence of 

exchangee interaction. The coefficient̂  may be positive or negative. 

Inn the Bean-Rodbell model, the critical behavior of the magnetic system is 

analyzedd on the basis of the Gibbs free energy consisting of the following 

contributions s 

GG = Gexch + & Zeeman + Gelastic + Gentropy + Gpress, (2.14) 

wheree G«h, GZeeman, GMe, Gentropy,and GpreSs represent the exchange interaction, 

thee Zeeman energy, the elastic energy, the entropy term, and the pressure term, 

respectively.. Within the molecular-field approximation, for arbitrary spin j , Eq. 

(2.14)) is given by [6] 

3ff i \T1 „  _i „ „  1 (V-V0) GG = -M-l- NkBTca
2
 -BGQ<J + — ^—^- -nSj+S  ̂ + pV, (2.15) 

2 I // + 1 2K2K V, 

wheree N is the number of magnetic atoms per kilogram, kB the Boltzmann constant, 

Goo the saturation magnetization per kilogram at 0 K, o the relative magnetization 

(Moo),, K the compressibility, 5, the entropy of the spin subsystem, and Si the 

entropyy of the lattice subsystem. Inserting Eq. (2.13) into Eq. (2.15) and 

minimizingg the expression for G with respect to volume, we obtain the equilibrium 

volumee for arbitraryy' 

V-VV-Vnn 3 oo _ J—NkJ—NkBBKTKT00P<rP<r 22+aT-pK.+aT-pK. (2.16) 
VV00 2K0(y + l) 

Thiss result shows that the magnetization depends on the volume change. The 

termm af, in which a is the lattice thermal expansion coefficient, is from the thermal 

expansion. . 

Insertingg Eqs. (2.13) and (2.16) into Eq. (2.15), we obtain 
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NkNkBBTT0 0 SVSVn n 

\2 2 

yy + i 
NkNkBBTT00pp22Ko' Ko' 

--(-j-rXl-pipK-aT^a--(-j-rXl-pipK-aT^a22--
22 j + \ 

BGQG BGQG 

NkNkBBT, T, 

'Sj(a)-Sj(0)\ 'Sj(a)-Sj(0)\ 
(2.17) ) 

NkNkc c 

Thee implicit dependence of the magnetization on temperature is obtained by 

minimizingg Eq. (2.17) with respect to a. In the case of absence of external pressure 

(p(p = 0), we obtain 

where e 

TT _ ap +&/7/T + BGQ/MBT0 

To To 
-- 2apT0a -

11 dSj{o) 

Nk, Nk, dG dG 

(2.18) ) 

aaJJ = 
y y 

9(2yy + l ) 4 - l 
JJ 5 [2(y+ 1)]4 

^^ = 
5[4yoo + i)] 2 

2[(2yy + l ) 4 - l F 0 

NkNkBBKTKT00p p 

(2.19) ) 

Here,, rfj  is an important parameter, involving the parameters K and fi that are 

relatedd to the volume change. In the molecular-field approximation, the spin 

entropy,, S,, is a function of the relative magnetization a and can be expressedd as a 

seriess in even powers of a [5]. For the compounds MnFeP]_xAsx (0.25 < x < 0.65), 

magnetizationn measurements at 5 K show that the saturation magnetization is about 

44 UB/f.u., from which we conclude that the angular momentum j equals 2 (assuming 

thatgg = 2). In this case, Eq. (2.18) becomes 
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TT==  2<7 + 0.867r?2g
3+£(T0/M gr0 

TT00 2a + 0.867CT3 + 0.606(T5 - 2ajST0<7 ' 

Thiss equation may express the temperature and field dependence of the 

magnetizationn of MnFePi_xAsx in the vicinity of the phase transition. In Chapter 5, 

wee will fit  our experimental results based on Eqs. (2.17) and (2.20), and will give a 

modell  description of the first-order magnetic phase transition in MnFePi_xAsx 

compounds. . 
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