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Abtrad  We investigate the magnetizations and magnetic susceptibilities as functions of 
temperahrre in the presence of external fields. and the H-T phase diagrams of three typical 
superlaltiees, the 4,+4b. 3. +46 and 5,+5b superlatticeS. Formed from two completely different 
antiferromagnetic materials. Because of the competition between the exchange and the &man 
energies, many different phases wn exist in the 3, + 4b and 5, + 5b superlattices. The magnetic 
susceptibility curve, and the magnetization curve in some special cases. m show clearly the 
transition from B Misted state to another state (except a paramagnetic state). In particular, for 
the 5. +Sa superlanice with Ja = JI = 0.2& in an appropriate field, the magnetization curve is 
discontinuous at the transition point from lhe antiparallel sw I to the hvisted state, 

1. Introduction 

Recently, an ionic antiferromagnetic superlattice composed of two different antiferromag- 
netic slabs, FeFz and CoFz, has been grown on a ZnFz substrate [l]. Of course, other ionic 
antiferromagnetic superlattices can also be prepared by means of the sputtering technique 
presented in [ I ]  and, generally speaking, these superlattices may be described better theo- 
retically by a localized-spin model. In the last few years, many physicists have presented 
theoretical studies on the spin-wave spectrum, phase transition, magnetization, etc, of var- 
ious magnetic superlattices, such as the ferromagnetic superlattices [2], magnetic superlat- 
tices composed of identical or different ferromagnetic films with antiferromagnetic coupling 
at the interfaces [3,4], and ferromagnetic-antiferromagnetic superlattices [5 ] .  For antifer- 
romagnetic superlattices consisting of two different antiferromagnetic films, Diep [6] has 
studied theoretically the most simple antiferromagnetic superlattice using the Green function 
technique and Monte Carlo simulations and has shown the temperature dependence of the 
sublattice magnetizations and the quantum fluctuation at low temperatures; further, Zhong 
[7] has studied the spin wave spectrum of an antiferromagnetic superlattice. However, the 
above studies on antiferromagnetic SuperIattices all adopted Sa = Sb and g, = gb (S and g 
are the spin quantum number and the effective g-factor, respectively) or the fact that the 
magnetic moments of different atoms are the same. For antiferromagnetic superlattices with 
different magnetic moments on different atoms, Xuan-Zhang Wang et al [8] have discussed 
and calculated the longitudinal and transverse susceptibilities in different external fields and 
have found some interesting properties. At the same time, Canico and Camley [ I l l  have 
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investigated the temperature dependence of the magnetization of the superlattices. In this 
paper, we shall study other magnetic properties and the phase transitions of this superlattice 
in various external magnetic fields. 

2. Model and formalism 

We consider an antiferromagnetic superlanice with a BCC structure and (001) interfaces, and 
let the period of the chemical structure be given by P = N,+Nb (Na and Nb are the numbers 
of atomic planes in a slab a and a slab b, respectively). The Heisenberg Hamiltonian in the 
presence of an external field is described by 

where H represents an extemal field and g; is the effective g-factor of the atom at site i; 
Ji j  is the exchange interaction between spins at the nearest-neighbour sites i and j, which 
equals J. if both spins lie in slab a, Jb if both spins lie in slab b and 51 if one spin belongs 
to slab a and the other to slab b. 

According to the mean-field approximation, in which many interesting results for the 
magnetic superlattices are obtained [3,4], some of which agree with the experimental results 
[9,10] qualitatively, for any temperature and external field, the average value of any atomic 
spin in the ith atomic plane parallel to the interfaces can be written as 

yj = (Si/kBT)[&ffCOS@i -4&ii(Si-~)COS(6i -6i-I) -4~ij+~(~j+l)COS(6i+~ -@i)]  (3) 

where we have taken the Bohr magneton p g  = I ,  B(y) is the Brillouin function and 0, is 
the twist angle through which any spin in the ith atomic plane rotates from the direction 
of the external field. The angle depends on the directions and magnitudes of the spins in 
the ( i  - 1)th atomic plane and the (i + 1)th atomic plane, as well as the magnitude of the 
external field. If we have the coordinate system where the X-Z plane is parallel to the 
interfaces, all spins are in the X - 2  plane and the external field is in the direction of the Z 
axis, 0, is given by 

ei = tan-’[h,(i)/h,(i)] (4) 

where h,(i) and h,(i) are the components of the effective field on a spin in the ith atomic 
plane: 

h,(i) = - ~ J ~ ~ - I ( ~ ~ - ~ ) C O S ~ ~ - I  - 4 ~ ~ ~ + ~ ( S ~ + 1 ) c o s e ~ + ~  + g ; H  ( 5 )  

h,(i) = -4Jii-1(&-l)sinOi-1 -4Jj;+l(S,+t)sinBj+1. (6) 

In order to avoid divergences in numerical calculations using the computer, we change 

(7) 

h,(i)sinBi = h,(i)cos& (8) 

equations (3) and (4) into, respectively, 

yi = (&/kBT)[h:(i) +h:(i)]’” = (si/kgT)h; 
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with an appropriate magnetic period boundary condition. Equations (2) and (8) contain a 
total of ZP, equations (Pm is the period of the magnetic structure), which constitute a set 
of simultaneous equations. Using a simulation Newton method to calculate directly the set 
of simultaneous equations, one can obtain the values of (Si) and 6,. Therefore the total 
magnetization of a unit magnetic cell is 

(9) 

and the average magnetic susceptibility per atom is given approximately by 

x = (I/Pm)(dM/dH) ( l / P m ) ( [ M ( H +  AH) - M ( H ) ] / A H ] .  (10) 

Because the set of simultaneous equations can have more than one solution, one should 
look for the solution corresponding to the state with the lowest free energy. The free energy 
is given by 

F=-kBTInZ (11) 

with the partition function Z [3] of a unit magnetic cell in the superlattice: 

Applying the theory outlined above, one can determine the H-T phase diagram, the 
total magnetization and the magnetic susceptibility related to the stable state. 

3. Results and discussion 

The superlattices considered in this paper are more complex. According to the spin 
configurations for ground states (T = 0 and H = 0), there are mainly three kinds of 
superlattice: 

Superlattice (I). The number of atomic planes in slab a and the number of atomic 
planes in slab b are even, the period P, of the magnetic structure is equal to the period 
P of the chemical structure, or P, = P = Na + Nb, and this superlattice is completely 
antiferromagnetic. 

Superlattice (11). The number of atomic planes in one slab is odd and the number of 
atomic planes in the other slab is even, P,,, = 2 P  = Z(N,+ Nb), and the superlattice is also 
antiferromagnetic. 

Superlattice (In). The number of atomic planes in slab a and the number of atomic 
planes in slab b are odd, P, = P = Na + Nb, and there is a smaller residual magnetization 
if Saga # S&; in other words, the magnetizations of the sublattices in the superlattice do 
not cancel each other completely. 

Because of the differences between the three kinds of superlattice for T = 0 and 
H = 0, their phase transitions, magnetizations or magnetic susceptibilities will be very 
different qualitatively. Considering generality and comparison, in numerical calculations, 
we take the antiferromagnetic superlattice with S, = 2, g, = 2.32, Sb = f and g b  = 2.00, 
and consider two cases: 
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(1) J b  = J1 = O.8Ja, which implies that the Nee1 temperature of the bulk material a is 
twice that of the bulk material b (or T N ~  = ~ T N , ) ;  

(2) Ja = Jl = 0.2& which corresponds to 

We choose three typical superlattices, 4, + 4b, 3, + 4b and 5, + s b  superlattices, as 
the samples. In this paper, the twisted state is one in which the spins in any atomic layer 
parallel to the interfaces have an angle with respect to the direction of the external field. 

The total magnetization and magnetic susceptibility as functions of temperature, and the 
H-7' phase diagram of the 3, + 4b superlattice are shown for J b  = JI = 0.85, in figure 1, 
and for J, = JI = 0.2& in figure 2. 

From figure 1, we find that there are four states: a twisted state (TS), state AI, state A2 
and the paramagnetic state, the spin configurations of which are indicated in figure 3(a). 
From figure 3(a), we can see that, in state Az, all spins in the atomic slabs b of the 
superlattice are parallel to the direction of the field but, in state AI, this case does not 
exist and the spins on the surfaces of the atomic slabs b are antiparallel to the direction 
of the field. For low temperatures and moderate fields. the state is the twisted state. As 
the temperature is increased, the state changes from the twisted state to state AI; at the 
same time, the period of the magnetic Structure changes from 2(3, + 4b) to 3, + 4b. At the 
transition point, the magnetization approaches its maximum, and the susceptibility curve for 
a smaller field has a very sharp peak and is discontinuous. Across the state AI  region the 
susceptibility increases with increasing temperature and, in the state A2 and paramagnetic 
state regions, it  decreases monotonically as the temperature is increased. The transition from 
the twisted state to state AI  is accompanied by a rapid change in magnetic susceptibility so 
that this transition can be easily found in experiments. 

From figure 2 with the parameters J, = JI = 0.2&, we see that the only phase transition 
that can appear is a transition from the twisted state to the paramagnetic state. The spin 
configurations of the twisted state for two different temperatures are shown in figure 3(b). 
Figures 2(b) and ?(c) show that the magnetization and susceptibility change continuously 
in the whole temperature region. In addition, the susceptibility of a high field H = 0.8& 
has its maximum at a finite temperature. 

Comparing figure I for J b  = 31 = 0.85, with figure 2 for J. = 31 = 0.2Jb. one finds 
that the 3,+4b superlattice, for different parameters, can have completely different magnetic 
behaviours in external magnetic fields, even qualitatively. 

The 5, + 5 b  superlattice is very interesting and many phases for it can be found for 
various external fields. Because the magnetizations of the sublattices in the superlattice 
cannot cancel each other completely, the macroscopic and microscopic properties will be 
very different qualitatively from those of the other two superlattices. Here we also consider 
two special cases: 

= 4.5T~,. 

(1) J b  = JI = 0.85,; 
(2) Ja = JI = 0.2Jb. 

The magnetization, magnetic susceptibility and phase diagrams for these cases are given 
in figures 4 and 5,  respectively. 

First we discuss case (1). The phase diagram in figure 4(a) shows that, depending on 
the external field and temperature, five states can appear in the superlattice. The states are a 
twisted state, the antiparallel state where the moments of neighbouring atoms are antiparallel 
to each other i n  the direction of the external field, the states labelled BI and B2, and a 
paramagnetic state, The spin configurations corresponding to these states are illustrated in 
figure 3(c) where the difference between states B1 and Bz is similar to that between states 
A, and A2 in figure 3(a). Figures 4(6) and 4(c) show the temperature dependences of the 
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Figure 2. Results for L e  3. + 4b superlattice for 
J. = JI = 0.2Jb. (aHc) are as in figure I. Only 
two states, the nvisted state and the panmagnetic state, 
can be found in L e  superlattice. The magnetization 
and magnetic susceptibility curves change continuously 

Figure 1. Properties of a 3. + 4) superlattice for 
Jb = Ji = 0.8Ja: (a) lhe H-T phase d i a g ”  in which 
L e  twisted state (TS), A!, A2 and the panmagnetic state 
(P) represent the stable states of the superlattice: (b) 
Le mgndizalion M  ers sus temperature for different 
e x t m a l  fields; (c) the magnetic susceptibility as a with temperature. 
function of temperature for different extemal fields. 

magnetization and magnetic susceptibility, respectively. As is easily seen, the magnetization 
and susceptibility in the twisted state are insensitive to the temperature or do not change 
approximately with the temperature. The transition point from the twisted state to the 
antiparallel state is reflected obviously by the magnetization and susceptibility as functions 
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----.--d.. c Irs. J , = J , : o . ~ J , .  k B r / J , = a . O ~  

[ i s .  J . r J , = O . Z  Jb. k B T / J b = 8 . 0 1  
l e 1  

Figure 3. Spin eonfigurations far the various phases of fhe different superlattices: ( a )  the 3 . t 4 b  
superlaUice with Jb = JI = 0.8Js; (b)  the 3, + 4b superlanice with Ja = 31 = 0.2Jb; (c)  the 
5, t Sb superlattice wilh Jb = JI  = 0.8J.; (d)  the 5, t sb superlaltice wilh J. = 31 = 0.23b; 
(e) h e  4, t 4 b  superlattice. 

of temperature. This, in part, shows the sharply rapid change in the twisted angles of 
atomic moments at the hansition point. At the hansition point from state B, to state Bz, 
the susceptibility curve has a small peak. In addition, we also see that the influence of the 
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Figure 4. (a) The H-T phase diagram, (6) magnetization 3s a function of temperature, 
and (c )  magnetic susceptibility 3s a function of temperalure for the 5. + 5 b  superlattice with 
Jb = 31 = 0.83,. AS represents the antiparallel state. 

external field on the susceptibility, except for the susceptibility in the twisted state, is slight. 
It is more interesting that the 5, + 5b superlattice for case (2) can have six states: a 

twisted state, an antiparallel state 1 (ASI), an antiparallel state 2 (ASZ), the states labelled 
CI and Cz, and a paramagnetic state. The spin arrangements related to these states are 
presented in figure 3(d).  Although ASI and ASZ are both antiparallel states, the directlons of 
the spins in AS1 are completely opposite to those in AS2. At the same time, the difference 
between Cl and CZ is briefly that, in state Cz, aII spins in the atomic slabs a are parallel to 
the direction of the external field but, in state CI,  the spins on the surfaces of the atomic 
slabs a are antiparallel to the direction of the field. Comparing figure 3 with figure 4, one 
can see the main differences between case (1) and case (2): 

(a) There are two different antiparallel states. 
(b) The magnetizations and magnetic susceptibilities in various states are more sensitive 
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Figure 5. Properties of the 5. +SI, superlattice with J .  = JI = 0.2Jb. (a)-@) aie as in figure I .  
In (a )  there are six swtes which m the antiparallel sble 1 (AS,). the mtipdlel stnte 2 (MI), 
rhe twisted sate (TS), states labelled CI and Cz. and the paramagnetic stnte (P). Note that in (b)  
the magnetization curve for H = 0.2& is discantinuow at the transition point from ASI to TS. 

to temperature. 
(c) The magnetization as a function of temperature for the chosen external field 

H = o.z& is not continuous at the phase transition point from AS, to the twisted state, 
which suggests that the transition is of first-order nature. 

For the 3, + 4b and 5, + s b  superlattices, the common features are as follows. 

(i) The macroscopic magnetic properties, the magnetization or magnetic susceptibility 
as a function of temperature, can reflect clearly the transition from a twisted state to another 
state (not a paramagnetic state). 

(ii) The transition from some state to a paramagnetic state cannot be determined from 
these macroscopic magnetic properties, and this is practically important for determination 
of the 'Nee1 temperature' of these superlattices. 

+4b superlattice for different parameters Ja, & and JI are 
qualitatively the same as the phase diagram in figure 2. If the external field is not very large, 
the transition point from the twisted state to the paramagnetic state is influenced only sightly 

The phase diagrams for the 
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by the field or this transition point is near the Nkel temperature (N = 0) of the superlattice, 
Therefore, we do not present the phase diagrams in figure 6. Figures 6(a) and 6(6) show the 
magnetic susceptibility and magnetization, respectively, as functions of temperature. For 
Jb = 3, = 0.83,, the susceptibility depends on the external field in a similar way so that we 
only give one susceptibility curve for h = 0.23, which is represented by the broken curve 
in figure 6(u). For J ,  = JJ = 2.4, the macroscopic magnetic properties are similar to those 
of the 3, + 4b superlattice with 3, = 3, = 0.23b. 

l a 1  

k B J / J b  
1b1 

M 

Figure 6. Magnetic propenies of the 4a + 4b 
suprlauice: (a) the magnetic susceptibility as 
a function of temperature. (b) the magnetization 
versus temperature. The broken curves correspond 
ta Jb = Ji = 0.8&,. and the full CUNeS to 1, = 
11 = 0.ZJb. Note that the curves are continuous at l6 4.0 8 0  12 ,a 

k8T/Jb any tempemre. 

4. Summary 

We have investigated the magnetization, magnetic susceptibility and phase diagrams of 
three typical superlattices formed from two completely different antiferromagnetic materials. 
Depending on the applied external fields, a variety of phases can appear in the 3, + 4b 
superlattice, composed of slab a with three atomic layers and slab b with four atomic 
layers, and the 5, f5b superlattice. The magnetic susceptibility (and also the magnetization 
in some cases) as a function of temperature can reflect clearly the transition from a twisted 
state to another state (except a paramagnetic state) but cannot show obviously the transition 
from any state to a paramagnetic state. This may be useful for experiments in which 
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one estimates the Ntel temperature of an antiferromagnetic superlattice. A special and 
interesting case is that, for the 5, + 5b superlattice with J. = JI = 0.2& the inagnetization 
as a function of temperature cannot be continuous at the transition point from  AS^ to 
the twisted state. The isotropic Heisenberg model and the theory used in this paper we 
suitable for antiferromagnetic superlattices with a small anisotropy. For superlattices with 
a larger anisotropy, the results should be corrected, but we also see that our results for the 
magnetization (see figure 4(b)) of the 5, -F 5b superlattice are similar quatitiiively to sohe 
results for the FeF2/CoF2 superlattice with a 713 structure and a larger anisotropy in figure 2 
of [i  i l .  
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