
PHYSICAL REVIE% B VOLUME 46, NUMBER 1 1 JULY 1992-I

Magnetism of amorphous iron: From ferromagnetism to
antiferromagnetism and spin-glass behavior
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The magnetization of realistic structural models of amorphous iron is calculated self-consistently
within the framework of local-spin-density theory. We show that the distribution of the magnetic
moments is strongly coupled to fluctuations in the local self-consistent potential. At a density
slightly lower than bcc Fe, amorphous iron is predicted to be a strong inhomogeneous ferromagnet.
An increase in density leads to a broadening of the bands and a transition to weak magnetism.
The transition from strong to weak magnetism is coupled with the appearance of a few negative
moments. Further compression induces more spin flips, leading to a substantial antiferromagnetic
component in the magnetic polarization. At large compressions, the global magnetovolume effect
leads to a reduction of all magnetic moments. The distribution of positive and negative moments
overlaps, resulting in a transition to a spin-glass state. Our calculations demonstrate a universal
proportionality of the local magnetic moment and the local exchange splitting.

I. INTRODUCTION

Recently, there has been considerable interest in
the investigation of the magnetic properties of the
metastable (amorphous, face-centered-cubic, hexagonal-
close-packed) phases of iron. This interest would be
rather academic, were it not for advances in the experi-
mental techniques for growing thin films and to control
interfaces at an atomic scale, which has opened possibili-
ties to synthesize metastable metallic structures. 5 The
magnetic ground state of the crystalline phases has been
studied repeatedly using electronic-structure calculations
based on local-spin-density (LSD) functional theory.
For the stable body-centered-cubic (bcc) form the ferro-
rnagnetic state was found to have the lowest energy at all
densities. s s For the metastable face-centered-cubic (fcc)
and hexagonal-close-packed (hcp) phases the LSD cal-
culations yield a nonmagnetic zero-pressure state, but a
transition to an antiferromagnetic state in an expanded
lattice, followed by a high-spin ferromagnetic state at
even lower densities. s iz Most recent results suggest that
the transition from the antiferromagnetic to the ferro-
magnetic state might occur via a noncollinear spin struc-
ture, possibly a spiral spin state. is

On the other hand, the magnetic properties of amor-
phous iron remain controversial. Early investigations
suggested a uniform reduction of ferromagnetism as a
consequence of structural disorder, recent results on di-
lute Fe Mi e (M =Zr, Y,La, Ce, Lu, . . .) alloys have been
interpreted in terms of a transition to a spin-glass state
after the disappearance of ferromagnetism with increas-
ing Fe content. ~5 7 However, this view has not gone
unchallenged: alternatively, amorphous Fe has been de-
scribed as asperomagnetic (i.e. , as a random noncollinear
spin structure with a nonzero net moment) or mic-
tomagnetic (i.e. , forming magnetic clusters). is The first
step in understanding the magnetism in amorphous met-
als consists in the investigation of the electronic struc-

ture. There have been a number of spin-polarized cal-
culations of the electronic density of states (DOS) for
amorphous iron, based on more or less realistic struc-
tural models. 2 3 However, these calculations are of dif-
ferent quality than the self-consistent LSD calculations
for the crystalline phases: all are based on parametrized
tight-binding (TB) Hamiltonians and are either non-self-
consistent or achieve self-consistency only within the re-
stricted framework of a TB theory for a Hubbard Hamil-
tonian with a site-independent U. The various TB cal-
culations agree in predicting an inhomogeneous ferro-
magnetic state for amorphous iron, with an average mo-
ment that is nearly as high as in bcc iron. Krauss and
Krey discussed global and local magnetovolurne efFects
and predicted a global volume dependence of the aver-
age ferromagnetic moment that agrees with the volume
dependence of the antiferromagnetic moment predicted
for the fcc phase. To our knowledge, no spin-polarized
electronic structure calculation has succeeded in generat-
ing the true spin-glass state of amorphous iron expected
from the extrapolation of the magnetic properties of di-
lute magnetic alloys and predicted by Kakehashi's theory
of the local-environment effect. i

In this paper we present a locally self-consistent cal-
culation of the spin-polarized electronic structure of
amorphous Fe. A. structural model for amorphous iron
is generated by a simulated molecular-dynamics (MD)
quench based on interatomic forces calculated within
a hybridized nearly-free-electron tight-binding-bond ap-
proach (NFE-TBB).~4 ~5 Models with more than 1000
atoms per cell are generated for the analysis of the diffrac-
tion data; models with 64 atoms per cell serve as the ba-
sis for the self-consistent electronic-structure calculations
using a linear-muffin-tin-orbita12s 2s (LMTO) supercell
technique. The self-consistent solution takes full account
of the local Quctuations in the spin density and in the ef-
fective one-electron potentials. The importance of these
local Auctuations appears very clearly in the distribution
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of the local moments: although the average magnetic
moment is predicted to decrease under compression as)

has also been found in previous TB calculations, we find
a pronounced change of the local-moment dist b t
which hasw ic as not been predicted before. With increasing
compression, amorphous iron shows a transition from an
inhomogeneous ferromagnetic state over an antiferromag-
netic to a spin-glass state.

The investigation of the local fluctuations in the elec-
tronic DOS and in the self-consistent atomic potentials
is very elucidating. We find that in the ferromagnetic
regime the small band width leads to strong magnetism;
t e gradual transition to antiferromagnetic behavior is
correlated with the broadening of the bands and a tran-
sition to weak magnetism.

This interpretation is supported by a series of self-
consistent spin-polarized electronic-structure calcula-
tions for models of amorphous Co. We find that over a
wide range of densities amorphous Co is a strong, slightly
inhomogeneous ferromagnet. Only at rather high com-
pression, when the band width is so large that the Stoner
criterion can no longer be satisfied, does a transition to
a nonmagnetic state occur.

Our paper is arranged as follows. In Sec. II we re-
view very briefly the construction of the structural model
for amorphous iron and cobalt. Details of the LSD cal-
culation are given in Sec. III. The distributions of the
local magnetic moments are described in Sec. IV. Local
and global magnetovolume eKects are discussed in Sec. V.
Correlations between the local magnetic moment and the
local density of states are investigated in Sec. VI, and the
magnetic exchange splitting is investigated in Sec. VII.
Our conclusions are presented in Sec. VIII.

m the hquid phase (where the calculated pair-correlation
function agrees well with the diff'raction data), the sys-
tem is quenched at a rate of approximately 10 s K/s
to T = 50 K, followed by a slower quench to T = 4
K, at a density that is slightly lower than that of natu-

~ ~

ral bcc Fe. This initial configuration is homogeneously
compressed in several steps and reequilibrated after each
compression. Note that the quench has to be made to
this very low temperature and at a high quench rate. A
somewhat slower (1012 K/s) quench results in a distorted
crystalline (fcc) configuration, as expected for the ground
state of nonmagnetic iron. However, a perfect fcc crystal
is formed only if the periodic boundary conditions are
compatible with the crystalline lattice.

We perform two independent MD runs: one for a large
ensemble with N = 1458 particles and one for a small
ensemble for N = 64 particles. The large ensemble is
used to produce a pair-correlation function for compari-
son with the available experimental data. It also allows
us to verify that the simulations for the small ensemble

(a)
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II. STRUCTURAL MODELINC

Structural models for amorphous iron and cobalt
have been prepared by a simulated molecular-dynamics
quench. Interatomic forces have been calculated us-

ing a hybridized nearly-free-electron tight-binding-bond
approach. The basic assumption is that the total en-24, 25

ergy may be divided into contributions from s and d elec-
trons. Pseudopotential theory is used to express the s-
electron contribution in terms of volume and pair forces.
The d-electron contribution to the interatomic forces is
described in terms of a tight-binding model. The attrac-
tive forces resulting from the strong covalent d-d inter-
actions are expressed in terms of the d-d transfer inte-
grals, and the bond order, which is defined as the dif-
ference in the number of electrons in bonding and an-
tibonding d states. The d-d interactions depend on the
atomic environment via the bond order. If the bond or-
der is calculated in a Bethe-lattice approximation, the
interatomic potential reduces to a weakly coordination-
number-dependent pair potential. This pair interaction is
strongest for a half-filled d band. Details of the theory are
given in Ref. 25; applications to the molecular-dynamics
simulation of liquid transition metals (including iron and
cobalt) are described in Ref. 30.

The molecular dynamics simulations are performed in
the microcanonical ensemble. The simulation is started
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I'IG. ~. 1. Pair-correlation function g(r) for amorphous iron,
as calculated from an ensemble average over a 1458-atom
model (solid line) and for a single 64-atom configuration (his-
togram) (a), compared with the experimental data. (b) (after
Ref. 31).
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are not seriously afFected by the periodic boundary con-
ditions. Figure 1 compares the ensemble-averaged pair-
correlation function for the large ensemble with that cal-
culated for a single 64-atom configuration and with the
experimental data.
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ra~( n~ ra

9. 53 g

B.95 g/cm3

III. SPIN-POLARIZED
ELECTRONIC-STRUCTURE CALCULATIONS

Once a periodic model has been constructed, the cal-
culation of the spin-polarized electronic structure pro-
ceeds in the same way as for a very complex crystal with
a simple-cubic structure. However, even today self-
consistent band-structure calculations for systems with
64 atoms in the periodically repeated cell are nontrivial
and require a very efficient computational technique. We
adopted the scalar relativistic linear-mufBn-tin-orbital
method in the atomic-sphere approximation (LMTO-
ASA). zs Exchange and correlation are described in the
local-spin-density approximation. s The LMTO-ASA is
ideally suited for amorphous transition metals because of
their rather high packing density.

In the LMTO, the Schrodinger equation for an electron
wave function uRL within the atomic sphere centred at
the site R may be formulated as

) [+RL(E)~RL,R'L' ~RL,R'L'] NnILI(@)&R'L' —0)
R', L'

where S is a structure constant matrix and P a diago-
nal potential function matrix (N is a normalization func-
tion, L stands for the set of angular momentum l, mag-
netic m, and spin 0, quantum numbers). A conventional
parametrization of the potential function is

PRL(E) — ~ g + 7RL
+RL

RL

with the potential parameters describing the center,
CR~~, the width, A~~~, and the distortion, y~~, of the
"pure" Rlcr band.

In the supercell approach the local potential parame-
ters are determined self-consistently. This is very impor-
tant as we shall show that there is a unique correlation
between the local potential and the local moment. This
correlation is necessarily obscured in calculations treat-
ing self-consistency in an approximate way.

The most serious limitation of the supercell approach
is the relatively small number of particles in the cell. For
simple-metal glasses we have demonstrated, via a com-
parison of the k-space LMTO calculations for a 64-atom
model with the r-space tight-binding LMTO recursion
calculation for an 800-atom model (both calculations use
the same one-electron potential) that the supercell calcu-
lation is not seriously limited by the boundary conditions.
As in the r-space recursion calculations, self-consistency
can be easily achieved only for an average atom; we pre-
fer the k-space calculation that allows us to achieve local
selfconsistency on each atomic site.

8.41 g/cm3

7. 92 g/cm~

7.46 g/cm3

7. 0& g/cm3

IV. DISTRIBUTION OF MAGNETIC
MOMENTS

The calculated distributions of the magnetic moments
in amorphous iron at different densities, and the varia-
tion of the average magnetic moment with density are
shown in Figs. 2 and 3. The predicted variation of the
average magnetic moment p with the atomic volume V
is rather similar to the p-V relation calculated for the
antiferromagnetic phase of fcc iron. Differences appear
only at the lowest density, where the average moment
for amorphous iron lies between the moments predicted
for the antiferromagnetic and the high-spin ferromagnetic
state of fcc Fe, and at the highest density, where fcc Fe
is nonmagnetic, whereas the amorphous phase still has a
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FIG. 3. Variation of the average magnetic moment p,

of amorphous iron with density: full dots —present results,
and crosses —tight-binding calculations of Krauss and Krey
(Ref. 22). For comparison we show the density dependence
of the magnetic moment in ferromagnetic bcc iron and in fer-
romagnetic and antiferromagnetic fcc iron as calculated by
Moruzzi, Marcus, and Kubler (Ref. 10, the labels HS and LS
refer to the high-spin and low-spin solutions for ferromagnetic
fcc Fe).
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FIG. 2. Distribution of the local magnetic moments in

amorphous iron at densities varying between p = 7.04 g/cm
and p = 10.2 g/cm; see text.
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small net moment. On the other hand, there is no simi-
larity with the ferromagnetic state of bcc Fe. This is not
unexpected, since the local arrangement in a-Fe is close
packed.

Our results for the pt-V relation for amorphous iron
agree rather well with those obtained by Krauss and
Krey on the basis of a parametrized TB Hubbard
Hamiltonian. However, if the average moments agree,
there are substantial differences in their distributions. At
low densities, Krauss and Krey calculate a broad distri-
bution with a standard deviation of about 0.5@~, cen-
tered at p 2.0@~. Upon compression, p is shifted to
lower moments, and there is slight increase in the stan-
dard deviation. At the highest density (p —9 g/cms)
they find a broad unimodular distribution centered at
p 0.6pg and overlapping into the region of negative
local moments. Thus at all densities, the magnetic state
of amorphous iron is described as that of an inhomoge-
neous ferromagnet.

Our calculations lead to an entirely different picture:
at the lowest density, we find an inhomogeneous ferro-
magnetic state with a rather narrow distribution around
a large average moment close to the magnetic moment in
bcc iron, P 2.3@~. At a density of p 7.5 g/cms (cor-
responding roughly to the density of sputter-deposited
amorphous iron), some sites acquire a large negative mo-
ment. Upon further compression, more sites switch the
magnetic moment, the centers of gravity of the two distri-
butions shifting to slightly smaller absolute values. Only
at a density of p 8.4 g/cms do a small number of
low-moment states appear. At still higher densities, the
distributions of the negative and positive moments begin
to overlap, and at a density of p 9.5 g/cms we find a
broad distribution of magnetic moments with nearly zero
net magnetization. Upon further compression, this dis-
tribution narrows, indicating that ultimately a transition
to a nonmagnetic st, ate will occur. Thus we find a tran-
sition from an inhomogeneous ferromagnetic state via an

12. 9 g/cm3

12. 2 g/cm3

incompletely antiferromagnetic to a spin-glass state.
On the other hand, amorphous cobalt (Fig. 4) is pre-

dicted to be ferromagnetic over a wide range of den-
sities, with a narrow distribution of the magnetic mo-
ments around a mean value that is only slightly lower
than predicted for hcp Co [p = 1.55pB (Ref. 34) and

p = 1.60p~ (Ref. 35)] and for fcc Co [p = 1 58'.B
(Ref. 34), p = 1 56p~ (Ref. 36), and p = 1 56pgy
(Ref. 37)]. Under compression, the magnetovolume ef-
fect leads to a slow reduction of the average magnetic
moment, and at a compression of 30Fo (compared to hcp
Co at equilibrium), a transition to a nonmagnetic state
is predicted (Fig. 5).

The detailed magnetic structure of a-Fe is illustrated in
Fig. 6 in the form of a projection of the model structure
on the (z, z) plane, the size and direction of the magnetic
moment being indicated by arrows. The atomic structure
is changed only very slightly upon compression —this al-
lows us to follow the variation of individual moments
with density. We see immediately that the change from
positive to negative moment at a given site is not a grad-
ual one; rather a large moment flips from up to down
with only small changes in the moments of the surround-
ing sites. We also note that the first negative moments
appear at large distances from each other. Only at a con-
centration of nearly 30% negative moments, do negative
moments at nearest-neighbor sites appear.

It is interesting to have a brief look at the distribu-
tion of the magnetic moments in quench-condensed crys-
talline Fe. As mentioned above, a "slow" quench pro-
duces a close-packed crystalline structure. However, a
cubic MD cell with 64 atoms is not compatible with a
perfect fcc lattice. Therefore, the quench results in a
distorted close-packed structure. Each atom has twelve
nearest neighbors (four at 2.46 A, two at 2.55 A. , four
at 2.60 A, and two at 2.70 A, compared to the ideal
close-packing distance of 2.548 A). A spin-polarized su-

percell calculation yields an antiferromagnetically polar-
ized structure, with magnetic moments of +1.73pg. Out
of the twelve nearest neighbors of a given spin, four spins
are oriented parallel and eight antiparallel to the spin
of the central atom. Both the magnitude of the spins
and the nearest-neighbor correlation correspond closely
to that predicted for fcc Fe with a AuCu-I-type antifer-
romagnetic structure. o The point is that in conventional
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FIG. 4. Distribution of the local magnetic moments in

amorphous cobalt at densities varying between p = 8.75

g/cm and p = 12.8 g/cm
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FIG. 5. Variation of the avera, ge magnetic moment in

amorphous Co with density.
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FIG. 7. Projection of the spin configuration calculated for
a crystalline structure produced by a slow molecular-dynamics

quench (see text).
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spin-polarized electronic-structure calculations the type
of antiferromagnetic symmetry breaking has to be as-
sumed a priori. No such restrictions apply to our super-
cell calculations. The possibility to investigate complex
spin structures in crystalline lattices deserves further in-

vestigation (possible supercells for a fcc lattice contain
32 or 108 atoms). A projection of the magnetic structure
produced by slow quenching is shown in Fig. 7.
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FIG. 6. (a)—(d) Projections of the 64-atom models for
amorphous iron into the (x, z) plane. The size of the cir-
cles representing the atoms is scaled with the y coordinate,
the arrows indicate the magnitude and direction of the local
magnetic moment.

V. LOCAL MAGNETOVOLUME
CORRELATIONS

It has been suggested that the local fluctuations of the
magnetic moments are closely related to fluctuations in
the local density. The local density of an amorphous
network may be characterized either in a purely geomet-
ric way, by the volume of the Voronoi polyhedron con-
structed around each site, 9 or in a more physical way
in terms of the atomic level pressures. " ' The correla-
tion between the local magnetic moment and the volume
of the Voronoi polyhedron is shown in Fig. 8 for three
different densities. At not too high densities, there is
indeed a correlation between the magnetic moment and
the local volume: a large volume corresponds to a large
magnetic moment and a small volume to a small mag-
netic moment. However, this correlation applies equally
to sites with positive and negative moments, so that the
magnetovolume correlation alone is not sufficient to ex-
plain the appearance of antiferromagnetic exchange in-
teractions under compression. Moreover, at higher densi-
ties the correlation between volume and moment becomes
rather diffuse.
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A similar conclusion arises from the investigation of
the correlation between magnetic moment and the atomic
level pressure. In a system of interacting atoms, the ap-
plication of a small uniform strain e"' will result in a
change in energy. The change in energy associated with
the lth atom is given to first order by

where the o'&"' are the components of the atomic level
stress tensor. The individual components depend on the
choice of a coordinate system, so one has to consider the
invariants of the stress tensor, i.e. , the local hydrostatic

pressure defined in terms of the trace of o.&"',

p, = —) (4)

and the von Mises shear stress. For explicit expres-
sions for 0&"" in terms of the interatomic interactions,
see Refs. 40—42.

The correlation between the atomic level pressure and
the local magnetic moment is shown in Fig. 9. The con-
clusion to be drawn is again very similar: at lower den-
sities there is a clear correlation between a high atomic
level pressure and a small absolute value of the magnetic
moment, but no evident distinction between spin-up and
spin-down sites. There is also no correlation between the
magnetic moment and the coordination number or the
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VI. LOCAL ELECTRONIC
DENSITIES OF STATES
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ments for amorphous iron at different densities. At the
lowest density (where there are no sites with negative
moments), amorphous Fe is clearly a strong ferromag-
net: the band of t, he majority spins is completely full; the
band of the minority spins is broadened and only about
half filled. The DOS on the sites with positive magnetic
moments changes only gradually with the Fermi level

moving into the majority-spin band, marking the transi-
tion from strong to weak ferromagnetism. The DOS at
the sites with negative moments is entirely diferent: the
band of the majority (down) spins has the character of a
band of resonant bound states of impurities close to the
bottom of the host band. Due to the very small width of
this band, the exchange splitting is very large, and the
main peak of a minority (spin-up) DOS is shifted above
the Fermi energy [Fig. 10(b)]. Thus we note that the first
appearance of sites with negative moments coincides with
the transition from strong to weak magnetism and that
the sites with negative moments are characterized by a
strong potential acting on the spin-down electrons.

Further compression brings a gradual modification
of the electronic DOS: the DOS on the negative mo-

ment sites broadens and loses its localized character
[Figs. 10(c)—10(e)], and at the density corresponding to
the spin-glass regime there is an almost perfect symme-

try between the spin-up and spin-down states on the posi-
tive and negative moment sites. This picture is distinctly
different from the spin-polarized DOS of amorphous Co
(Fig. 11). Over a wide range of densities, amorphous Co
is found to be a strong ferromagnet, with a completely
filled spin-up band. Upon compression, the width of the
d band increases and the DOS at the Fermi level is re-

duced. At very large compression (p = 1.46ph, &), the
Stoner criterion of n(EF) ) 1 state/eVatomspin (see
Sec. VII) is no longer satisfied, and a transition to a non-

magnetic state occurs.
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VII. EXCHANGE SPLITTING 1. 0

The most important band property related to mag-
net, ism is the magnetic exchange splitting of the states
near the Fermi energy, i.e. , the 3d states in our case.
However, when the spin polarization introduces not only
a rigid shift of majority and minority bands, but also a
substantial distortion of the bands, a quantification of
the exchange splitting might be diKcult. In this context
we find the parametrization of the potential used in the

LMTO very useful. In Fig. 12 we plot the 3d-potential
parameters |;~ and C;y describing the center of the pure
spin-up and spin-down 3d bands at the site i against the
local magnetic moment p;. VVe find that for both ma-

jority and minority spins there is a linear relationship
between C';t, C;~, and the magnetic moment. The lines

representing C;~ and t;~ cross at p; = 0, suggesting that
the local magnetic splitting is proportional to the local
magnetic moment. A least-squares fit to the distributions
shown in Fig. 12 gives a proportionality of 0.95 eV/pQ
between the magnetic exchange splitting (C, t —C;7) and

0. 8

0. 6
E

0. 0

0. 2

0. 0

D 0. 2

0. 6

E-E~ I eV )

FIG. 11. (a)—(c): Spin-polarized density of states (DOS)
for amorphous cobalt at densities between p = 8.75 g/cm
and p = 12.2 g/cm . Solid line —total DOS, dashed line—
total spin-up DOS, and dotted line —total spin-down DOS.



46 MAGNETISM OF AMORPHOUS IRON: FROM. . . 255

—0. 1

-0. 2

0 0 ocPbo oo

2. 0 2. 2 2. 6

magnetic moment (unit, s of

p p . (b ) 7. 92 g/cm

0
X

X

-0. 2

}.. . . . . . . . I. . . . . . . . . I

0 1 2

magnet i c moment. (un i t s of pB)

( a ) 7. (jd g/cm
XX)Oft )5 ~X ~=-~QCX

2. 8

the magnetic moment at all densities. This proportion-
ality is the same for sites with positive and negative mo-

ments, and it holds in the ferromagnetic, antiferromag-
netic, and spin-glass regimes. Preliminary results suggest
that the magnetic exchange splitting per unit of the local
magnetic moment is also nearly the same in amorphous
Co, and in amorphous Fe-Zr and Co-Zr alloys. ~ Very re-

cently, Himpsel has drawn a similar conclusion from the
analysis of photoemission and inverse photoemission data
on fcc and bcc Fe overlayers on Ag(100) and Cu(100) sub-

strates (both ferromagnetic), on antiferromagnets (Cr),
on spin glasses (AgMn) and free Ni, Co, Fe atoms. The
value of 1 eV/pn found for the ratio of exchange split-
ting to magnetic moment is very close to the value of 0.95
eV/ygy derived from our first-principles calculations.

Within the framework of the theory of itinerant ferro-

magnets, the ratio of the exchange splitting to the mo-
ment is known as the Stoner parameter. The Stoner pa-
rameter is essential in determining the magnetic proper-
ties such as Curie temperature, magnetization and sus-

ceptibility, at least within the Stoner model. Independent
of this model, earlier LSD calculations for ferromagnetic
3d metals had shown that the Stoner parameter is
approximately 1 eV/p&, nearly independent of the metal.
The results presented by Himpsel extend this correlation
to antiferromagnetic and spin-glass materials; our results
show that this correlation holds on a local level even in

magnetically disordered materials.
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FIG. 12. (a)—(d): Local potential parameters C, t (circles)
and C;t (crosses) plotted against the local magnetic moment
in amorphous iron at dift'erent densities between p = 7.04
g/cm and p = 10.2 g/cm . Note the change of scale for the
magnetic moments.

We have presented a fully self-consistent calculation of
the electronic and magnetic structure of amorphous iron
and cobalt. While our results for the variation of the
average magnetic moment with density agree with ear-
lier investigations based on parametrized tight-binding
Hamiltonians, significant differences are found in the cal-
culated distribution of the magnetic moments. Expanded
amorphous iron (with a density that is about 10% lower
than that of bcc iron under normal conditions) is found
to be a strong ferromagnet with a rather narrow distri-
bution of the magnetic moments. A slight increase of
the density leads to a broadening of the bands and a
transition to weak ferromagnetism. The transition from
weak to strong ferromagnetism is coupled with the ap-
pearance of a few large negative moments. Upon further
compression, more moments change sign, and at densi-
ties that are 5—10% larger than in bcc iron, the magnetic
polarization of amorphous iron has a substantial antifer-
romagnetic component. The magnetovolume effect leads
to a reduction of positive and negative moments, their
distributions overlap and finally a transition to a spin-
glass phase occurs. This scenario of a transition from
a ferromagnetic via an antiferromagnetic to a spin-glass
state under compression contrasts with the picture of an
inhomogeneous ferromagnetic state at all densities and a
general decrease of all magnetic moments as the atomic
volume decreases.

The appearance of negative magnetic moments is not
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simply correlated to the local atomic volume, the coor-
dination number, the Madelung electrostatic site energy,
or any other local quantity. This would suggest that the
change in the magnetic properties arises from compet-
ing ferromagnetic and antiferromagnetic exchange inter-
actions.
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