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Abstract Compounds containing well isolated complex magnetic chains
are now available from inorganic and molecular chemistry. Interpreting
their magnetic behavior generally requires specific models. We
describe here a general analytic solution for a large class of such
compounds. The model concerns isotropic chains, where a single
moment which may be treated classically, alternates with a
composite system of quantum spins. It is applied to to the magnetic
properties the one-dimensional compound MnCuz(bapo)(H20)4.2H20,
(where bapo = N,N'-bis(oxamato1,3-propyleneloxamido), within which
one may observe --Mnll-Cull-Cull-Mnll--  sequences with nearest
neighbor antiferromagnetic interactions. The results appear to be
consistent with independant estimates of Mnl-Cul! and cull-cult
exchange interations involving similar paths.

INTR T

The field of one-dimensional (1-d) magnetic systems has been intensively
explorated for a long time, from static and dynamical points of view. In the
last few years many papers have focussed on the so-called 1-d
ferrimagnets, that is solid state structures exhibiting well separated
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magnetic chains along which two cationic species occupy alternating sites,
generally  with antiferromagnetic nearest neighbor coupling, thus
providing the main basic conditions for ferrimagnetism. In the present
time, more involved uncompensated 1-d magnetic systems are studied,
since compounds containing more complex chains are currently synthetized
in organic as well as inorganic solid state chemistry"3. The reason for
this strong interest is that, besides the general attractiveness of 1-d
physics (which results from specific behaviors, but also from the
opportunity of sometimes solving exactly the quantum and statistical
problems), there is a great variety of predictible cationic or even
topological combinations among which a number are of great appeal for
solid state physicists's. Specific models have been proposed for solving
various simple problems. But it appears that the methods thus introduced
may often be extended to more general 1-d systems, and there is now a
trend to develop general technics which apply to wider classes of chains®.
In the present paper we describe such a model dealing with the static
properties of a very large category of 1-d ferrimagnets.

THE MODEL

The model concerns chains only submitted to the following three conditions:

(i) all single ion properties and exchange interactions are strictly istropic;
(11) the chain structure is characterized by an alternate sequence ... &
2 Ciat f,” ... of magnetic systems, where each ¢, reduces to a single spin

(with a large enough quantum number to allow classical treatment),

whereas the £,'s are systems involving one or more classical spins or vector

operators; (i11) any ¢; or &; Interacts with its nearest neighbors only.
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In practice ci is defined by the amplitude G, of the moment it carries and

by the direction of the unit vector S, along this moment. ¢; contains n,

spin or orbital momentum vector operators Si\ (A=1, . .. ,n,). For

practical purpose, n; should be finite and small enough for allowing a
complete analytical or computational resolution of the properties of ‘fi

when submited to the influence of its neighbors ¢; and §;.y (which then
act like external field sources). It must be underiined that the
mathematical treatment we present here includes random distributions of
the numerical and topological (interaction network) features of the ¢- and
&- systems. Moreover all parameters and characteristics carrying the same
i-index may be correlated.

Let us now consider the finite chain &, €, ¢, €,..¢, & €y - €18,

described by the hamiltonian

n-1

H(B)=>" H(£,S,5,,,B) - > 657, (N
i=0 i=0
where $(£.,5,,S,, ,,B) is the hamiltonian of the system £ submitted to the

action of £, and ¢,,, and to a uniform magnetic field B, with amplitude B,

applied along a definite direction referred to as the z-direction. The

partition function is:

2,(B) = [dS U, [dS,V,U,... [dS,V. , U...JdS V. U (2)
where :
U, = exp (BG,S7B) , V,=Trace (exp (-BH (£,5,S,,,,B)). (3)

In these expressions j’dSi means integrating over all the directions
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available to S, and g is Boltzmann's factor 1/kgT. The zero-field magnetic
susceptibility for the whole chain is then given by:

Xon = 3 LUV + 237 (U009 ) + 2Z(ui',vj')] : (4)

| P J

The current braket (W ¥r, ..., Ws), with W =Uor V, is obtained by
calculating the integral (2) with W_, ..., W, repiaced by their zero-field
v,IN, v N derivatives with respect to B, then dividing the result by
—pZn(O). The U-derivations of interest are eastly performed and expressed
in terms of the spherical functions YgX(S,) and Y,0(S,, ) (where £ = 0,1,2,
and S, is written in place of its azimuthal angies 6;and ¢; with respect to

a cartesian coordinate system involving the z-axis).

For the V-derivatives, we first notice that except for pathological

couplings, we can develop the current eigenvalue Em(B) of Hi‘fvsvs' B) as

i+

a power series of the field components :

E|'U(B)=E,'U'O+ZBo(aE,,u(B)/aBJ)o+‘/zza:BdB&(aQEi'u(B)/aBdaBd..)o. ()
) é¢s

The first order term involves the amplitude El.u,g of the zero-field gradient
of £, ,(B) and the corresponding unit vector e, , .. The second order one may
be expressed in terms of the eigenvalues Ei.u’“(a;l,2,3) of the lapiacian
tensor and the corresponding unit eigenvectors e,  _. Due to isotropy, the
Ei,u’“'s (x=1,2,3,9) only depend on the angle ¢, between S, and S,,,.

Simflarly, e,,u'g and, say, e,'u,, and e,’u,2 are linear functions of these

vectors with coefficients depending on CoS¥;, only. Let us call G o the
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director cosine of e, _ with respect to the z-direction. For ao=¢q, 10r
2, these cosines are linear functions of Y,O(Si) and Y,O(SM), with
¥;-dependant coefficients. On the other hand, we only need the sqarre of

¢, ..z Which is immediately derived from ¢,  ,and ¢ We assume that the

iu,1 hu,2

various functions of the angle ¥;, may be developed in terms of Legendre
polynomials, and then of spherical function products Yg™S;) Y, ™(S, ).

Now introducing the resulting expressions into Eq. (4), we get a very
cumbersome integral, which due to the orthonormality of the spherical

harmonics, reduces to :

— G o o

Xegy = Xgy * (381 (G24M2 +2(1-P)(GP.G-(G+GPIO-GR*RQ))  (6)

Actually, x_... 1s the zero-field magnetic susceptibility referred to the unit

cell

cell defined as the current entity (¢,£). It is obtained by taking the

targe-n limit of the quantity X,./n. It is expected that, for finite T, and
with the exception of unrealistic couplings, this limit is well defined.
Furthermore, the notation F reffers to the average value of the assumed
randomly distributed quantity F;. Except for m Eq. (11) looks like previous
ones obtained by the authors and co-workers in several contexts 889
However the various terms now carry much wider meanings. ? is the mean
squarred magnetic moment carried by the ¢'s. Stmilarly, M2 and x_w are
related to the average squarred thermodynamical mean amplitude of the

gradient, and to the average thermodynamical mean trace of the laplacian

tensor, respectively. They are nothing but the paramagnetic and Van Vieck

contributions to the magnetic susceptibility of the £'s, each one being

submitted to its thermally fluctuating neighbors ¢, and ¢, ,. The last part

i+ {
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takes into account the correlations through the ({-£€) nearest neighbor

couplings. P, denotes the ratio V,!'/V,0 of the first two coefficients in the
Legendre polynomial development of V, , and is merely the correlation
¢$,S,,>. !t tends to unity at absolute zero whenever the lowest

(y;-dependant) eigenvalue E,  ,, 15 minimized for parallel arrangement of

160
S, and S,,,. Thus, (1-P)™! diverges in the same limit if this condition is
fulfilled all along the chain. Except for accidental vanishing in the same
limit of the corresponding factor, this is the condition for the product
T.X. to diverge at low temperature, i-e for dealing with a true 1-d
ferrimagnet. The last terms are easily related to the average correlations
between moments belonging to neighboring é- and ¢- systems (i-e G.Q,
GP.Q, BR) or next nearest neighbor ¢-¢ ones (GP.G), or é-€ ones @R). It
must be noticed that the complete treatment only requires the computation
of the first and second coefficients in the Legendre polynomial
developments of the various functions of COSY; .

One must now underline that the inittal basic three conditions for Eq.
(6) to be valid, define a wide application field. First of all, it is generally
admitted that for S»5/2 the spins may be treated as classical vectors;

such an approximation is currently introduced for Mn!' or Fel!! cations!©.
Moreover, the thermodynamical properties of a number of non strictly
isotropic 1-d magnetic systems may be conveniently analyzed merely on
the basis of Heisenberg coupling, so long as the anisotropic to isotropic

energy term ratio is sufficiently smali'!. Thus, the general expression for

¥.en Would be of great help for analysing the magnetic properties of a

number of existing or predictible 1-d ferrimagnets. For instance the model
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FIGURE 1. Experimental resuits (dotted line) and theoretical curve
for the suceptibility of the compound MnCu(bapo)(H20)4.2H20

applies to the compound MnCu(bapo)(H20)4.2H20 which exhibits regular
MnCuCu sequences with antiferromagnetic Mnl!'-Cul! and Cull-Cu! nearest
neighbor exchange interactions'2 The best fitting for the thermal

variation of the X, T product is given on Figure 2. The corresponding

exchange parameters are Jp,_¢, = 50. 1K and Jy,_¢,= 100.0K, with a g-factor
slightly larger than 2. for Cull only (2.1).

Recently, a new compound containing well separated linear
Matt-cuMT-culT-MnIT tetramers, has been synthetized‘s. The exchange
interaction paths are very similar to the corresponding ones in
MnCu(bapo)(H,0),2H,0. A preliminary examination of its magnetic

properties, also indicates a very strong Cull-cull exchange interaction
compared to the Culf-Mn! ones.
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