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'~'Dy Mossbauer spectra show that the dysprosium moments in amorphous DyCo34 are
strongly coupled to the local crystal field axes. The magnetic structure is one in which
the cobalt "sublattice" is strongly ferromagnetic, and the dysprosium moments are al-
most randomly distributed in directions between antiparallel and perpendicular to the
cobalt.

Although ferromagnetism in amorphous alloys
is well known, ' the rich variety of more complex
magnetic structures which can occur in amor-
phous solids is just now becoming apparent.
Amorphous rare-earth transition-metal alloys
in particular a,re much studied at present. ' ' The
magn'etic structures in these alloys will be strong-
ly influenced by the local anisotropy field at the
rare-earth sites, just as in their crystalline
counterparts. Harris, Plischke, and Zucker-
mann' have suggested that this field, determined

by the spatial configuration of the neighboring
atoms, will be random in direction and compar-
able in magnitude to the exchange field experi-
enced by the rare-earth ions. In this Letter we
present direct evidence that the directions of the
rare-earth moments are closely correlated with
the directions of the local anisotropy field in
amorphous DyCo, , The magnetic structure [Fig.
3(b)] is deduced from Mossbauer spectra and
magnetization measurements. Finally we outline
a classification scheme for magnetic order in
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FIG. 1. Temperature dependence of the spontaneous
magnetization (i.e., the resultant moment) of amor-
phous DyCo3.

amorphous solids.
Amorphous films of composition Dy»Co» and

Dy»Co, 4Fe3 were prepared by dc sputtering.
Their magnetization could be saturated easily at
4.2 K if the magnetic field was applied in the
plane of the film but the perpendicular direction
was much harder and required a field - 10 kOe
for satura, tion.

The temperature dependence of the moment per
DyC 03 4 unit is shown in Fig. 1~ The Curie tem-
perature, roughly 900 K, is double that of crys-
talline DyCo„' but it is difficult to measure ex-
actly, because of crystallization. There is a
characteristic minimum in the moment at the
compensation temperature, 230 K. We will dis-
tinguish the resultant moment of a domain from
the net moment of the cobalt or dysprosium "sub-
lattices. " The moment actually measured is the
sum of the resultant moments of the domains.
Upon saturation it gives the resultant moment di-
rectly. The near disappearance of the resultant
moment at 230 K is explained by the cancelation
of the net moments of the two sublattices. The
net moment of a sublattice in turn depends on the
magnitudes and directions of the individual atom-
ic moments. Such information cannot be obtained
from magnetization measurements, but may be
deduced from Mossbauer spectra. '

The cobalt sublattice in Dy(Co», Fe, «), 4 was
tagged with pure "Fe, whose moments are ex-
pected to couple strongly with the cobalt, thus

b)
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FIG. 2. {a) 57Fe Mossbauer spectra of amorphous
Dy(Cop ppFep 4) p 4 (b) 'P'Dy Mossbauer spectra of amor-
phous DJJCo3 4.

giving information about the direction, but not
the magnitudes of the cobalt moments. The spec-
tra were well defined even at 300 K, like the one
in Fig. 2(a). Average hyperfine parameters were
derived from least-squares fits to the data. They
are listed in Table I, together with the full width
at half-maximum of their distributions. The frac-
tion I, of the total absorbtion in the hnz = 0 transi-
tions is also given: I, = —,(sin'8), where 8 is the
angle between the atomic moments and the y di-
rection, usually arranged to be perpendicular to
the film. In that case (sin'8) = 0.98+ 0.05, which
indicates that all the iron moments lie in the
plane of the film. Moreover, the moments were
shown to be ferromagnetically coupled within the
plane by saturating the magnetization in the plane
and taking spectra with several different angles
between the y direction and the applied field.

The "'Dy spectra [Fig. 2(b)j give a quite differ-
ent result for the rare-earth sublattice. Well-de-
fined spectra were observed only near liquid-he-
lium temperature. At higher temperatures, the
dysprosium moment falls off rapidly and inho-
mogeneously due to the weak, inhomogeneous ex-
change coupling with the cobalt. However, at
4.2 K, the hyperfine field is typical of dysprosi-

TABLE I. Hyperfine interactions in amorphous DyCo3 at 4.2 K. Distri-
bution widths are given in parentheses.

Composition
Hi

(Moe)
eqQ

(cm/sec)

16ig
Dy(Coo. s6 Feo. 4) ~. 4

5.91 (0.06)
0.312 (0.028)

10.0 (1.9}
0.001 (0.164)

0.49 + 0.02
0.37+ 0.04
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um in a!~s) ground state, and its relative distri-
bution is only l%%uo. The spectrum resembles that
of a powder sample of amorphous DyFe„report-
ed recently by Forester et al.4 It differs from
that of crystalline DyCo, "in that the hyperfine
field is marginally smaller, and that the lines
whose positions depend on the quadrupole inter-
action (lines not marked "M" on the figure) are
much broader. The fit gives (sin'8) = 0.74+ 0.08,
almost what would be expected if the dysprosium
moments were distributed over all directions
with equal probability (0.67).

The electric field gradient at the nucleus may
be written in the usual form as

eq =eq, (I-R)+eq, (1-y„),
where the first term is due to the 4f shell, and
the second is due to conduction electrons and dis-
tant charges. The first term gives a quadrupole
interaction of 14.1 mm/sec for the! ~5) state. The
total quadrupole interaction in amorphous DyCo3 4
is 10.0 cm/sec with a distribution whose full
width at half-maximum was found to be 1.9 cm/
sec from the widths of the lines not marked "M."
In crystalline DyCo, the interaction is 12.4 cm/
sec." Point-charge calculations by Cochrane,
Harris, and Plischke" for a random close-packed
binary model structure showed that the dominant
term in the crystal field is V, , which defines a
local symmetry axis. V,' is proportional to the
principal component of q2 in this approximation,
so that if the directions of the moment and the
crystal field were uncorrelated, the second term
would be distributed about zero. This is the case
for the iron spectra; the first term, due to 3d
electrons, is negligible and the second is distrib-
uted about zero with a width of 0.24 mm/sec.
However, in the dysprosium spectra the contri-
bution of the second term is even larger than in
the crystalline alloy. Furthermore it is large
compared with the distribution of the quadrupole
interaction, which indicates that the dysProsium
moment directions are strorq, ly correlated with

M„M2

a) b) c)

FIG. 3. Magnetic structures which result when the
last term in Eq. (1) is dominant, and the ratio of the
first to the fourth terms is (a) «1; (b) ™&or (o)» l.
1 and 2 refer to the rare-earth and transition-metal
sublattices. (a) is ferrimagnetic, (b) and (c) are speri-
magnetic.

the local symmetry dA ections. The two direc-
tions should be almost perpendicular.

%e now turn to the problem of the magnetic
structure at 4 K. The following elements of the
solution have been established: (i) antiparallel
coupling of the net dysprosium and cobalt sublat-
tice moments; (ii) the cobalt moments lie essen-
tially in the plane of the film; (iii) the dysprosium
moments are strongly correlated with the local
crystal field axis, which varies randomly in di-
rection; and (iv) they are distributed in direction
so that (sin'9) =0.74+0.08. The magnetic struc-
ture illustrated in Fig. 3(b) fulfills all these re-
quirements. In this solution, the dysprosium mo-
ments are uniformly distributed in the directions
lying within a cone of balf angle g, = 70 whose ax-
is is antiparallel to that of the collinear cobalt
subla, ttice.

The net moment of the dysprosium sublattice
is M(Dy) —,'(1+cosg, ); M (Dy) = 10ps for the! ~5)
state. The measured resultant moment is 2.3p,~

per DyCo, , formula unit. Therefore the net mo-
ment of the cobalt is (1.3+ 0.4)ps/atom. The er-
rors correspond to those on (sin'8). For compar-
ison, the cobalt moment is (0.8+ 0.2)p, s in crys-
talline DyCo, ' and 1.65',B in amorphous GdCo3
assuming a collinear structure [Fig. 3(a)].

The magnetic structure of amorphous DyCo3 4

may be understood by comparing the magnitudes
of the terms in the Hamiltonian (cf. Ref. 7)

where the first two terms represent the anisot-
ropy and the last three the exchange. i and j run
over tbe rare-earth (1) and transition-metal (2)
sublattices, respectively. For cobalt, intra-
sublattice exchange is the dominant term. The
zero average quadrupole interaction shows that

! J~&8»(r)J, »V„and a molecular-field fit to
the magnetization curve gives

For dysprosium, anisotropy is dominant Vy
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- SJ+,a.„(x)z,
The structures sketched in Fig. 3 will appear

near T =0 when the last term of Eq. (1) dominates
and the second and third terms can be neglected.
(a) corresponds to F,= 0 (GdCo, ), (b) to DyCo, „
and (c) to the extreme anisotropy limit where the
only effect of exchange on the rare earth is to
make it choose the easy direction most nearly
antiparallel to the transition-metal sublattice.
At higher temperatures the cone will close up be-
cause of the sharp decrease of the anisotropy V,
c~:Jy Ef the last term does not dominate the oth-
er two, the transition-metal sublattice will also
have a noncollinear arrangement.

Finally we place the above structures in the con-
text of other types of magnetic order known in
amorphous solids. Ferromagnetism occurs in
metals' and insulators" when the exchange is
positive and its distribution is not too wide com-
pared to its average value. " Collinear antiferro-
magnetism has not been positively identified in
any homogeneous amorphous solid, '4 but sPero
magnetic ordering" "may occur instead when
the distribution of exchange is very broad or cen-
tered about a negative value. This is a structure
where the moments each have a finite time aver-
age, but are randomly distributed in direction in
such a way that the spin-spin correlations aver-
age to zero beyond at most a few interatomic dis-
tances. Speromagnetism may also occur where
the anisotropy dominates the exchange, in pure
amorphous rare-earth metals, for example.

Ferrimagnetism is possible when two sublat-
tices can be defined chemically [Fig. 3(a)]. By
analogy with the previous structures, those with
the moments in one (or both) sublattices distrib-
uted randomly in direction according to a prob-
ability P(g) may be termed sjerimagnetic. The
prefix means "scattered in direction. ""
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