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Multicritical behaviour of disordered Heisenberg 
antiferromagnets with mixed uniaxial anisotropy 
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Theoretische Tieftemperaturphysik. Universitat Duisburg, Lothantrasse 1,4100 
Duisburg 1, Federal Republic of Germany 

Received 18 January 1991 

Abstracl. Magnetic phase diagrams of disordered Heisenberg antiferromagnets with mixed 
uniaxial anisotropy are calculated within a local molecular field theory. The phase diagrams 
numerically obtained for sets of parameters relevant for the system Fe,-,Ni,CI, are in very 
good agreement with recent experimental results. It is demonstrated that by chapging the 
concentration x ,  or the ratio of the anisotropies, a rich variety in the physical behaviour of 
these systems can be expected. 

1. Introduction 

Antiferromagnets with uniaxial anisotropy show a rich variety of different phases in 
their H versus Tphase diagrams. These systems have been investigated theoretically in 
a number of papers [l-31. Experimentally, special interest has been focused on the 
extreme cases ofboth strong and weak anisotropy [4,5]. Of particular interest, however, 
is the case of an intermediate uniaxial anisotropy where, according to an investigation 
of Vilfan and Galam [3], a bicritical point (BCP) and a tricritical point (TCP) merge 
resultingina new multicritical point. It wassuggested [6] that asystem withintermediate 
anisotropy can be obtained experimentally by alloying systems with extreme aniso- 
tropies. Recently these experiments have beencarriedout. In [7] the system Fe,_fii,CI, 
wasinvestigatedintheconcentrationrange0.18 e x  S 0.67. Theseexperimentsconfirm 
the scenario of multicritical behaviour in antiferromagnets with intermediate uniaxial 
anisotropy put forward by Vilfan and Galam. 

In [6] a comparison of experimental results with theoretical calculations has been 
carried out using avirtual crystal approximation (VCA) for the mixed systemFeo.,Ni,,5C12. 
In this approximation the exchange constants as well as the single-ion anisotropy con- 
stants are averaged resulting in a translational invariant Hamiltonian which has been 
investigated earlier within a molecular field approximation [3]. 

A virtual crystal approximation although certainly being a valid first step in a theor- 
eticalinvestigation has, however, some severe drawbacksascan be seen in the following. 
If one considers two types of ions with equal concentration and strong anisotropies, 
which have equal absolute values but different signs, the averaged anisotropy vanishes 
although the system is strongly disordered. Therefore it is necessaryandveryinteresting 
togo beyond the VCA. In the present paper, weinvestigate aHeisenbergantiferromagnet 
with mixed uniaxial anisotropy. We consider a random mixture of two types of magnetic 
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ions having both equal spin S = 1. Exchange interactions J ,  anisotropy constants D and 
Landt-factorsg are ion dependent. The system is treated within a local molecular field 
approximation (MFA). In some of our numerical calculations we use parametersobtained 
experimentally for the systems FeCI, and NiCI,, respectively, so that for the mixed 
system Fe,-,Ni,CI, a direct comparison with experimental work becomes possible. 

2. Outline of the calculations 

For each lattice site 1 we introduce a quantity K,, which is either equal to one with 
probability x ,  i.e. the probability that a site I is occupied with a Ni-atom; or which is 
equal to zero with probability 1 - x ,  i.e. the probability that a site 1 is occupied with a 
Fe-atom. Then the molecular field acting on a Ni-atom on site I' is given by: 

+ Z (JTNKI + J%(1 - K,))Oa.  (1) 
I 

The indices a and b label the two sublattices. Of course, similar equations hold for Ni- 
atoms at a b-site and for Fe-atoms sitting either at an a-site or a b-site. The spin 
expectation values 0 are assumed to be averaged quantities having two values dep- 
ending on whether the spin is sitting on an a-site or a b-site, respectively. 

In the special case of Fel-,Ni,CIZ each magnetic ion has six neighbours which are 
coupled to it ferromagnetically and six neighbours with antiferromagnetic coupling. For 
the sake of a comparison with experiments all these interactions are included in (1). Of 
course, one can think about slightly simpler molecular field equationsfor modelsystems. 
But since the final calculations have to be done numerically, the inclusion of all terms 
relevant to a certain system does not make a great difference. It has, of course, the 
advantage, that a direct comparison with experimental results is possible. 

Treating the spin as a quantum object with S = 1 the free energy of a certain spatial 
configuration of magnetic ions is calculated under the influence of local exchange 
and anisotropy fields. Since each magnetic ion has six antiferromagnetically and six 
ferromagnetically coupled neighbours, there are 49 possibilities of occupying those 
places with Fe or Ni atoms. Averaging over all configurations yields the free energy 
per spin. The calculation is rather tedious but, in principle, straightforward. In the 
antiferromagnetic phase we obtain 

x {x In[l + 2eODI cosh bAlp(i, j ) ]  

+xln[ l  +2ef iDl  cosh/3Alm(i,j)] 

+ (1 - x )  In[l + 2epDz coshpA%(i, j ) ]  

+ (1 - x )  In[l + 2eOD2 coshPA,(i,j)]} 
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The local fields appearing in the free energy are given by the following set of equations: 

A&j) =gNiH - &(i , j )m + n ( k j ) m s  

A d i , j )  =gNiH- &(i , j )m - vl(Cj)m,  

A&j) = g d  - W , j ) m  + y & , j h  

A d L j )  = g d -  &(i, j)m - y2(i.j)ms 
&(i, j )  = iI& + (6 - i).J$& - jJ$yNi - (6 - j ) J &  

&(ir j )  = ~ J E F ~  i- (6 - i).J&i - jJ& - (6 - j).J%i 

y l ( i ,  j )  = iJ&i + (6 - i).J&i + jJ%i + (6 - j ) J&i  

Yz(i,j) = + (6 - i)J$%i +jJ% + (6 - i ) @ N i .  

( 5 )  

In these equations m denotes the homogeneous magnetization pn = f((S,) + {Skz)), 
while m, is the staggered magnetization m, = l({SaZ) - &)), both in the r-direcbon. 
The indices i and j ,  referring to the antiferromagnetically and ferromagneticall y coupled 
neighbours respectively, run from 0 to 6. 

In the spin-flop phase m, is zero, but now the order parameter mL = $((S,) - (S,)) 
has a fmite value. The corresponding free energy in this phase reads: 

+ (1 - x )  In(e-@!” + e-@$” + e+Ai”)]. (6) 

The 
kekS 121, and are given by: 

are the eigenvalues of a matrix already derived in an earlier paper by Vilfan and 

Aio = ( Z / f l ) [ W :  + A?r(i, j )  + A$(i,  j)]’” cos(qr/3 + k h / 3 )  - 8 0 1  (7) 

with 

The index 1 takes the value 1 for a Ni-atom and 2 for a Fe-atom. In the spin-flop phase 
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Table 1. Parameters obtained experimentally for the systems Fe& and NiCI, [4,5]. ks 
denotes the Boltzmann constant. 

Parameter FeCI, NiCI, 
~ -. 

the molecular fields of both sublattices differ only in the sign of their x-components. 
With 1\, = - Abx = A, and Aoz = Abz = Az they read 

A,di,j) = -vdi,j)m' (9) 
and 

The averaged molecular field equations can now be evaluated with methods discussed 
in detail in the paper of Vilfan and Zek5 [2]. In the next section we shall present some 
of our results. 

3. Results and discussion 

In figure 1 we show three phase diagramsobtained for parameters which correspond to 
the system Fe,~,Ni,CI,. We used parameters obtained experimentally for the pure 
systemsFeCI2andNiCl2[4, 5l.Theyarelistedin table 1. Theexchangeconstant between 
Ni and Fe in Fe,-zNixC12 is not known, so we decided to use the mean value JFe,NI = 
K J F ~ . F ~  + JN,,NJ. 

In figure I the calculated phase diagram for the system Feo.JNb.5Clz is shown (upper 
curve). In agreement with the experimental phase diagram obtained in [6] we found a 
spin-flop (SF) phase ending in a critical endpoint (CEP), a phase transition between 
paramagnetic (PM) and antiferromagnetic (AF) phase of first order between a CEP and a 
TCP and a second order transition between the TCP and the N6el-temperature TN(x = 
0.5) = 48.9 K.ThecorrespondingexperimentaIvalueisT, = 40.9 K[6].Note, however, 
that the experimental values for the CEP and the TCP are significantly lower than those 
we obtained. Note also that the VCA using the same parameters as we did does not give 
a spin-6op phase. 

The SF phase obtained for Feo,5Nio.5C12 is only stable between the CEP and a second 
CEP at a lower temperature T = 0.4 TN. This interesting behaviour has not yet been 
found neither in the experiments on Feo.sNio.sC12 [6] nor in those on Fe,-,Ni,CI, for 
the concentrations x investigated in [7]. In our calculations the second CEP at lower 
temperatures T>O appears only in a rather narrow range of concentrations: 
0.358 < x < 0.56. Above x = 0.56 the SF phase is stable down to T = 0. 

By increasing the concentration x the CEP approaches the TCP. They merge at x, = 
0.64 forming the multicritical point as predicted by Vilfan and Galam 131. This again is 
inverygood agreement withexperiments, the corresponding experimental valueisx, = 
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Figure 1. Calculated phase diagrams of 
Fe,.,Ni,Cl, for different values of X. From the 
top: x = 0.5,0.6.0.7. Temperature is measured 
relativetotheN6el temperature TN.andmagnetic 
field H in arbitray units. The Nee1 temperatures 
are (a )  T,(x = 0.5) = 48.9 K, (b )  TN(x = 0.6) = 
53.5 K and (c) T,[x =. 0.7) = 57.9 K. 
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Fignre2.x-Tphase diagramof Fe, -&C12. Tem- 
peratureismeasuredinK. x ,  theBCP;O. thercp; 
0, the upper CEP; and D, the lower CEP. 

0.57 [7]. For x 3 0.7 the mixed system shows a behaviour similar to a pure anti- 
ferromagnet with weak uniaxial anisotropy, i.e. it possesses a BCP instead of a TCP. 

Decreasing the concentration x the width of the spin-flop phase decreases rapidly 
and it vanishes at x = 0.358. The upper CEP and the TCP both decrease and the latter 
approaches a finite value forx-t 0. These results are summarized in figure 2 where the 
most interesting part of the x-Tphase diagram is shown. 

Forother setsof parametersa vanetyof different phase diagramshasbeencalculated 
numerically and not all of them can be shown here of course. Rather, in the following 
we wouldlike to concentrate on one issue, namely the dependence of the phase diagrams 
on the anisotropies D, and D,. In model calculations we used a fixed mean value = 
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Flgure 3. Phase diagrams of model systems with 
different values of uniaxial anisotropies. (a) D ,  = 
D2=5, (b)  D , = 2 ,  D , = 8  and ( c )  D , = - I ,  
D2 = 11. Units are the same as in figure 1. 

l ( D l  + D2) as well as fixed exchange constants and a fixed concentration of x = 0.5 
varying only the ratio D1/D2 .  For the antiferromagnetic couplings between each type 
of ions we used 0.5 kBK and 1.0 ~ B K ,  respectively, and 0.2 kBK and 1.0 kBK for the 
ferromagnetic couplings. The results are shown in figure 3. 

For D, = D, = 5 a TCP is obtained, but there is no stable SF phase.'Thiscorresponds 
to a system with a strong uniaxial anisotropy, e.g. confirmed experimentally for FeCI2 
[4]. A reduction of D1 leads to the appearance of a spin-flop phase. For D2 > D, > 0 
one obtains a CEP and a TCP with a distance decreasing with decreasing D,. For D, < 0 
a BCP appears instead of a CEP and a XP. The change from tricritical to bicritical 
behaviour is very similar to the behaviour found for the system Fe, -,NiXCl2 by changing 
the concentration instead of the anisotropy constants. 

4. Conclusion 

The detailed investigation of disordered systems using a local molecular field approxi- 
mation leads to a substantial improvement of the theoretical results as compared with 
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results obtained within a VCA. Qualitative agreement with experimental results is 
obtained and even quantitatively the agreement is rather satisfying. The reason might 
be the large number of neighbours in the system studied, which has a tendency to 
improve the accuracy of the molecular field theory. 
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