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We start from a Heisenberg model without lattice periodicity and investigate x(T), o(T),
and T in the molecular field approximation. Exchange integrals, spins, and the molecular
field fluctuate in consequence of structure fluctuatioris, We obtain a Curie-Weiss law with
a slightly modified Curie temperature. The fluctuations of the exchange integral cause a decrease
of o(T). If the mean square fluctuation of the exchange integral is larger than its mean value,
ferromagnetism does not exist. From this condition it is obvious that with regard to the ion
structure ferromagnetism can exist in liquids, too.

1. Introduction . -

In recent yeérs the question was repeatedly discussed whether or not ferromagnetism
can also exist in noncrystalline materials, _

Thin amorphous films of Fe [1], Co—P [2 [2], and Co —Au [3], preduced by evaporation
onto a cold substrate, have been 1nvest1gated Examinations of structure by electron diffrac-
tion have shown high diffuse rings, which are typlcal for a liquid structure. Ferromagnetic
domains were made visible by Lorentz electron microscopy. Ferromagnetic resonance signals
in thin amorphous Co —Au films were found by Elschner and Girtner [4]. Measurements
of spontaneous magnetization in amorphous Ni films by Tamura and Endo [5] yielded a reduc-
tion of the saturation magrietization and of the Curie temperature in comparison with the
crystalline state. In a systematic manner Felsch [6] produced ferromagnetic amorphous Fe
films by addmg small quantities of Fe,03, Si, or Ge during the evaporation process and
investigated the coercive force and the saturation magnetization. More extensive samples
(thickness ~~50 1) produced by quenching the liquid phase with the composition Pd68C0123120,
Pd75Fe55120 [7], and FegPyy;Cr 5 [8, 9] were investigated, too. Measurements of the bulk
magnetization and of the hyperfine field by Mssshauer spectroscopy [9 | yielded a typical
ferromagnetic temperature dependence.

In the liquid state the static susceptibility y of iron, cobalt, nickel, manganese, and of
various alloys containing transition metals was measured. The temperature dependence
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of y is not essentially different from that in the solid phase above the magnetic transition
point [10 to 13]. Busch and Guentherodt [14] investigated a liquid Co—Au alloy near the
eutectic composition and concluded that ferromagnetism existed. However, it is not clear
at present whether or not this ferromagnetic behaviour originates from Co-clusters which
have either remained from the melting process, as suggested by Wachtel and Kopp [15],
or have been formed in small regions for a short time. This explanation of ferromagnetism
is plausible, because the Curie temperature given in [14] is nearly equal to the Curie tempe-
rature for pure cobalt. On the other hand, for this alloy Nakagawa [16] has found a T far
below the melting point, in agreement with [15].

The question whether or not ferromagnetism may exist in amorphous substances was
theoretically studied first by Gubanov [17]. He started from a mean spatial arrangement of
neighbouring spins described only by the radial distribution function g(r). For an Ising model
with distance-dependent exchange integral I(r) he found within the so-called quasichemical
approximation that a finite Curie temperature may exist. However, the influence of structure
fluctuations is not considered in this paper, Conclusions regarding the micromagnetic
‘behaviour-of nonordered ferromagnets resulting from the lack of crystal anisotropy were
arrived at by de Gennes and Pincus [18].

In the experimentally investigated amorphous substances one can exclude crystalline
long-range order, but not with certainty the existence of short-range order regions. Mader
and Nowick [3] stated 15-20 A for the maximum size of these regions. Tsuei et al. [9]
obtained liquid-like X-ray diffraction patterns and calculated a mean atomic distance of
2.6 A with a mean deviation of 0.5 A. Doubtlessly, crystalline order in small regions would
influence the ferromagnetic behaviour and favour the formation of a ferromagnetic phase.
However, neither crystalline long-range order nor short-range order is necessary for the
existence of ferromagnetism, as is shown in [19] and will be demonstrated in the following.

In this paper in Section 2.a model describing amorphous and liquid ferromagnets is
proposed. We start from the Heisenberg model. Contrary to the crystalline case, we must
omit the lattice periodicity of the Hamiltonian. In the following, the molecular field approxi-
mation is used as the simplest ferromagnetic theory. The molecular field in this case changes
stochastically. One gets the macroscopic magnetization by averaging with respect to the
structure, Furthermore, two simple approximations making structure averaging practicable
are considered. Tn Section 3 for T'> T;-a Curie-Weiss law results with a modified Curie
temperature. The structure fluctuations decrease the reduced magnetlzatlon A necessary
condition for the existence of a ferromagnetic phase in amorphous and liquid materials has
been found. In Section 4 small fluctuations of the exchange integral are considered more
exactly by means of an iteration method. In Section 5 some further problems and questions
are discussed. .

2. Model

‘We consider a system of spins localized on the atomic trunks. Because of the lack of
lattice periodicity the Hamiltonian in the Heisenberg model

H =2 Iijgis'j,'}‘.z ppg:SPH . M
iZi i
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is not translation invariant. $; and Sf are the operators of the i-th spin and its z-component,
respectively, I;; are the exchange integrals, g; is the Landé splitting factor, i the Bohr
magneton, and H the external field in z-direction. In (1) it is assumed that the exchange
integrals ;; only depend on the positions of the two interacting spins, and the spin operator S,
“only depend on its position. In the general case they also depend on the positions of the other
atoms in the next neighbourhood of the i-th (j-th) atoms, i.e. on the concrete structure in
the next neighbourhoodl. But for simplicity we have assumed in (1) that the exchange:
integrals and the épin operator are functions on the mean structure of the next neighbourhood-
only. We remember that also for the calculation of electron and phonon spectra in amorphous
matter one has to make a reduction to effective two-body interactions in the same sense.
This procedure is allowed for small structure fluctuations. ‘

Because of the lack of lattice periodicity a correct treatment of the Heisenberg model -
is impossible. Therefore, further approximations are necessary. In the molecular field
approximation, which describes in a qualitatively correct manner the essential feature of.
ferromagnetism, the spin operators S are replaced by thelr time mean values Sz So a decoup-
ling of the spin operators is obtamed and (1) passes into

H =2 15853 (H+ Hyy) 6]
with
1 3
Hyy= o 3 TS, )
J(F#9)

Consequently, every spin i is in its molecular field Hy,,, according to the individual neigh-
bourhood. For the same reason the spin mean value is different for every atom and depends

-4 o=
S S%)>
. P — //
Sy -+ T e
‘=
A (57>
— - =g

a) b)
Fig. 1. Representation of the spin arrangement. @) according to approximation (3); b) according to approxi-
mation (4)

on its index (Fig. 1a). For further simplification the spiﬁ mean valﬁesgjz may be substituted
approximately by their spatial mean value (S*) Fig. 1b):

Hiy, - ﬂ— Y 1G5 )

760,

* In disordered alloys (with lattice structure), e.g. in FeyAl, the spin Sg, depends. on the concrete number
of Fe and Al atoms in the next neighbourhood.
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Thus, a decoupling with respect to. the spatial dependence of the spins is obtained. The
procedure (4) corresponds to a repeated application of the molecular field approximation
idea reldative ‘to the structure.

For a random but fixed array of atoms one gets for the time mean value of the spin i

57 = 5;Bs, 85,58 (H+ Hy,)]. ©)
S, is the total spin of the i-th atom, and Bg, is the Brillouin function. In the approximation (3)
the 87 depend on S} which cause the molecular field Hyy,. Therefore, the relation (5) is
a coupled transcendent equation system for all S7. Actually, the individual S7 do not interest
us, but only the macroscopic magnetization. Therefore, one has to average over all atom
configurations. For this end we sum (5) over all i and average with the distribution function
Sy 7y, .., ). We will abbreviate this procedure by (...». It follows that
[ (87 = S(Bg|BSupg(H+Hg)>. = - ' ©)
Wlth special assumptions the reduced magnetlzauon o= (Sz>/S can be calculated from this
equation. In (6) it was suggested that all atoms have the same total spin S and the same
g -factor.

" For the structure averaging oneé has to take into consideration that the I; and the Szv
msdt be treated differently. Whereas the exchange integrals I;; ;; must be regarded as known
functions of #; and 7}, the ,S']z are unknown and really not only dependent on 7}, but also
on the position and the size of the neighbouring spins because of the exchange integrals I;.

This procedure is justified, if the spatial structure does not depend on the ferromagnetic
state, i.e. if one can neglect magnetoelastic effects. In liquids one has to require additionally
that the characteristic time for adjusting the. spin order is small in comparison with the
characteristic time for particle diffusion. In this case liquids can be treated as amorphous.
substances.

3. Simplest approximation for y and o

In this Section we use the approximation (4)2. For T’ = T the argument of the Brillouin
function in (5) is small and one gets

< _ S(5+1 -
5 =280 (MBgH+ Zz,.,.<3z>). ™
J(#1)
After the structure averaging of (7) a Curie-Weiss law

C oo wsa(S+]) . S(S+D)
T_TClethC————-%-—, TIc = 3%

follows analogously to the result of the molecular field approximation for crystalline ferro-
magnets. The only difference is the occurence of the mean exchange integral

<Z z,> = NI, = dn g | f dr 12 g(r) I(r). ©

J(#9)

g ==

N <{he) ®

2 Indeed, only this approximation was used in [19].
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It is assumed that I; = I(r;—7,) and that the sample is homogeneous and isotropic.
g(r) is the radial distribution function.
The measurements of the susceptibility in liquid transition metals and -alloys yield
a good agreement with the Curie-Weiss law [10 to 13]. Insignificant deviations from it
can be explained by weak ‘temperature dependence of the radial distribution function.
Now, for T << T we deal with the small fluctuations of the exchange integral about
the meéan value (9). Starting from (5) we get for H —» 0

5 = SB(6S X I<S). (10)
7(#1)
In the nonordered case the term Y, I;; depends on i. Therefore, it is useful to write
J
Z Iy = NI+ Z AT 11
J(F3) 7(#49)

The second term originates from the structure fluctuations. Now we expand (10) into D] AL ;
terms neglecting higher order terms. After structure averaging we get

1, . 38
o= Bs() + 5 BY@a?d? with ~= % (12)
(2AL) (X ALy _ ALy ALy T
2 — e —_—
wd B="NEny T eyt T

Apart from the Curie temperature T, 42 here occurs as a new parameter which represents
a measure for the mean square fluctuation of the exchange integral due to structure fluctua-
tions. Because By (x) < 0 for x > 0, it follows fiom (12) that the fluctuations of the exchange
integral cause a decrease of reduced magnetization.

For consideration of any structure fluctuations we write (6) in the form

o= (os[- (e 323) ) *

and expand into fluctuation terms. In [19] the higher products were approximated in the

following way

0 odd
ALpALy ... ALy, 1)) = {<A112AI13> )2 for n (14)

even.

After summation we get the simple relation
1
0= 5 {Bsla(l +A)]+Bs[x(1 - A} (15)

This equation was discussed in [19]. It follows that with increasing fluctuations 4 the magneti-
zation decreases and for A4 > 1 vanishes for-all 7. These results can be interpreted as follows:
Because of the random array of the spin-carrying atonis there is a decrease of the exchange
energy in small regions. Thus, it is possible that some spins can be ousted out of the favoured
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direction easier. Thus, the effect of the increase of structure fluctuations (at fixed T is
analogous to the effect of thermal fluctuations (at 4 = 0). However, differences also exist.
At increasing structure fluctuations the sign of the exchange interaction will become negative
for more and more spins. It follows that the number of spins adjusting stochastically in
opposition to the favoured direction becomes larger. If the fluctuations exceed a critical
value, the magnetic long-range order breaks down.

For examination of the dependence of our result on the special assumption (14), we
replace it by

0 odd

AL, AlL.. AIl(n+1)> =\n (n n(n—1) (AT AL for n oven (16)

providing the higher products with more weight. Then the relation for ¢ becomes
1
0 = Bs(x)+ 5 6242 {BY [x(1-+ A)] +B5 [»(1 - A)]}. (17)

Eecause By (x) << 0, ¢ becomes again smaller for increasing 4. For 4 > 1, ¢ in (17) can
become bigger than unity because of Bg(x) = —Bg(—x). In this case only, ¢ = 0 for all T
remains as a reasonable solution of (17) as before. Therefore, we may generalize that a ferro-
magnetic phase can only exist on condition that

(AL ALY 5 KTy, (18)

Approximately, one can assume that N2{AL,AL> ~ {(42)2)12 and NKI,)2 ~ {z)2I2,
with z as the number of the nearest neighbours. In [20]

Sf."_("'z)_?f ~0.1..03 (19)

is given for liquid metals. Thus, theé ionic structure of liquid metals allows the existence
of a ferromagnetic phase. Occurring globula (crystal-like structure in small regions) would
favour ferromagnetism additionally. However, the melting point 77, must lie below the Curie
point. To achieve this, one must search for suitable alloys. Up to now it seems that forcible
arguments for or against the possibility of guaranteeing the condition T, << T do not
exist.

* With knowledge of the distribution function for the fluctuations of the exchange
intgral F(0I) with 6 = >} AI; we could get o by averaging:

j

o = [ d(SD)F(S)B[BS(I>+ 8IS (20)

However, it is not clear what distribution function must be chosen. Nevertheless, one can
conclude from the curvature of the Brillouin function without knowledge of F that the
fluctuations of the exchange integral always yield a decrease of magnetization.
Measurements of the reduced magnetization of amorphous Feg Py, ;Cy 5 as a function.
of reduced temperature by Tsuei et al. [9] qualitatively agree with our results (15) and (17),
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respectively, if we compare them with the curves for pure crystalline Fe. Alsc, numerical
calculations of a one-dimensional Ising model with nearest neighbour interaction show a decre-
ase of the magnetization with increasing fluctuation of the exchange integral [21].

4. A more accurate consideration of weak structure fluctuations

Now we start from the equation (5) with the molecular field (3). Contracy to the previous
Section, we use here the exact mean value of the molecular field

1 N T\ o
—— (Hyp> = i jz = N 12 o
nE {Hw} <,-(§¢,~,I S, > ((CAVERCHRE D
where
Nay(S7y = R AL;AS?. (@)

)
With the reasonable assumption that the total mean molecular field is proportional to the

mean spin (5*), the macroscopic spontancous magnetization is sure to vanish, if the mean
molecular field tends to zero. Because of (21), the Curie temperature (8) must be replaced by.

7o =D Ny +<a). (22)

For weak structure fluctuations we apply an iteration procedure. The starting poiat is

5§19 = SBy(BS ) L,S'f (23)

Now we expand into AI—IM ~ ZIUSJ" —(EI,JSf) If we replace gf in the correction term by
j
the value of next lower order, we gel, for instance in the first approximation,

S0 — S(Bs+BepSCS*y 3 Al. (24)
I ;
.

o
Fig. 2. Example of a simple r-dependence of the exchange integral for the discussion of the influence of structure
fluctuations
The iteration procedure, to second order with regard to the fluctuation term, yields

S(S+1).
E

for the Curie temperature, and a magnetization which is not essentially different from (12).

T8 = N <Ly (1+4%). (25)
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5. Summary of results and problems

1. For the existence of a ferromagnetic phase neither long-range nor short-range
crystalline order is necessary. Considering a special r-dependence of the exchange integral,
according to Fig. 2, it is obvious that the ferromagnetic behaviour depends on the number
of atoms between 7= 0 ...ry only and not on the arrangement in this region.

2. In general, structure fluctuations yield a decrease of the spontaneous magnetization
in comparison with the ordered case. Contrarv to amorphous ferromagnets, in crystalline
ones the atoms at equivalent lattice points have the same neighbours and, therefore, the
same molecular field (D] AI; is identical to 0). This means that the crystalline order favours
the occurence of ferr(;magnetism, although it is not a necessary condition.

8. A critical value of the fluctuations, approximately given by the relation (AL, AL,>s
{I12)? does exist. For higher fluctuations of the exchange integral a ferromagnetic phase
1s impossible. ’

4. In the approximations used here the molecular field fluctuations do not influence
the Curie point; however, an amorphous ferromagnet can have a higher Curie point than
in the crystalline state, since N{Ij,>(1+42) > ZI is possible. The influence of structure
fluctuations on the Curie temperature would presumably prove to be stronger in a more
precise theory which takes into account magnetic short-range order.

5. In a more precise theory we must distinguish whether or not all I; are positive. In
the first case o — 1 follows for T —> 0, whereas in the second one some spins would be
arranged opposite to the mean molecular field also for T'— 0, and ¢ will be smaller than 1.
Then in a stochastic way small “‘antiferromagnetic regions” will occur. It must be possible,
to reveal them by a strong external magnetic field. We suppose that the measurements
of amorphous Ni films by Tamura and Endo [5] can be explained in this way. However,
the approximations in Section 3 are too rough for describing such effects.

6. An interesting question results in the case when N(I;,» << 0. Then, in our opinion,
a kind of amorphous antiferromagnetism can exist for not too high structure fluctuations.
The y(T) curves of liquid manganese [13] in the paramagnetic region point to a mean
negative exchange coupling. However, from this alone one cannot conclude about the
existence of an antiferromagnetic phase in amorphous or liquid materials.

The authors express their sincere gratitude to Professor G. Heber, who stimulated this
problem. They also would like to thank Dipl.-Phys. A. Heinrich for helpful discussions.
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