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Anomalous magnetl~~tion of amorphous TbFe„GDFe„anti YFe,
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Magnetization data are presented on sputter-deposited amorphous RFe, materials, where R represents
the rare-earth elements Tb, Gd, and Y. Both the Tb and Gd compounds exhibit ferrimagnetic order
with Curie temperatures approximately 40% lower than the equivalent crystalline Laves phase
compounds. The 0 K saturation magnetizations of the Gd amorphous and crystalline materials are both
equal to 3.9p,~, while in the TbFe, the magnetization is significantly lower in the amorphous phase
(4.2pz vs 5.4pz for crystalline Tbpe, ). The YFe, exhibits no long-range magnetic order above 3.5 K. At
low temperatures large "coercive" fields appear for the TbFe, and increase greatly in magnitude at
temperatures below 40 K, reaching 30 kG at 4 K. A possible model to explain this and other eAects
associated with a large random-directional local anisotropy field is presented.

I. INTRODUCTION

Bulk samples of several R-Fe (R is a rare-
earth element) materials of varying composition
and rare-earth constituents have been prepared
by direct- current rapid- sputtering techniques' and
have been shown to be crystallographically amor-
phous by neutron diffraction and x-ray scattering. 3

The composition Tbp ggFeo, gy (TbFez) is the most
thoroughly studied, and its structure is typical of
the group with an atomic stacking based on a dense
random-packed' arrangement of Tb and Fe atoms.
The separation distances of the atoms as determined
from the radial-distribution function (Fourier trans-
form of the scattered neutron intensity) are very
close to those of Tb and Fe atom pairs in contact
at their Goldschmidt or 12-fold coordination radii
(1.78 A for Tb and l. 27 A for Fe). Similar re-
sults were found for the atomic structure of YFe,
by neutron scattering and for the highly neutron
absorbing GdFe2 by x-ray methods. This is in

contrast to the crystalline Laves-phase counterpart
compound TbFez, in which the nearest-neighbor
Tb- Tb atom separation is contracted to 3. 2 A.

Magnetization data are presented here for the
amorphous compositions TbFea, GdFe~, and YFea.
In their amorphous form the Tb and Qd materials
exhibit long-range magnetic order, but with Curie
temperatures significantly reduced from the crys-
talline compounds. The amorphous YFe& exhibits
only strong short-range magnetic ordering.

This series was chosen to represent the extremes
of large local crystal-field interactions in the case
of Tb and negligible local anisotropy for the S-state
ion Gd. The Y represents a nonmagnetic "pseudo-
rare-earth" substitution to provide information on
the Fe-Fe exchange interaction.

It is noted that the crystal-field anisotropy ef-

fects to be discussed relative to amorphous TbFe~
differ from conventional magnetocrystalline anisot-
ropy, and in particular do not give rise to any bulk
preferred or "easy" magnetic direction. Conceptu-
ally, as suggested from earlier results, the local
anisotropy interaction arises from the Coulombic
interaction of the highly nonspherical Tb 4f charge
distribution with the electric field produced by the
neighboring ions. In the amorphous disordered
case this field is of unknown and spatially varying
symmetry and gives rise to a distribution of local
magnetic easy axes distributed over all directions
of space.

The local anisotropy energy can be expressed
in terms of a crystal-field potential A, , 4f-electron
effective radii (r&), and spherical harmonics of
the electronic coordinates Yp (8, Q) as

V(r, 8) = g AP (GYP(8, Q)) for l =» 6 and even,
fn= t

where now the crystal-field potential A, is calcu-
lated for a random-close-packed neighboring-ion
configuration. As shown by Harris, Plischke,
and Zuckermann the magnitude of the resulting
crystal-field potential is surprisingly uniform and
exhibits only a 2% rms deviation over the materi-
al in spite of the random spatial distribution of
minimum energy directions. The crystal-field
term with ~ = 2, forbidden in cubic symmetry, is
allowed here by the effective lowering of the sym-
metry in the amorphous structure and is the dom-
inant energy. The direction of a given spin or
group of spins is then determined by the minimum
free energy, consisting of the local anisotropy plus
the spatially varying exchange energies. The bulk
average is then a material in which macroscopi-
cally all directions are equally hard magnetic di-
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rections and energy is required to align the rare-
earth spins along any single magnetization direc-
tion.

II. MAGNETIZATION OF TbFe,

Magnetic-moment measurements were made on

a 0. 11-g specimen of amorphous TbFe2 using a
vibrating- sample magnetometer. The sample was

part of one used earlier for the structure studies
(Refs. 2 and 4, which also present some preliminary
magnetization data). No variation in physical prop-
erties has been observed between different samples
of this material.
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FIG. l. (a) Magnetization isotherms for amorphous

TbFe2 above 120 K. H, is the applied magnetic field.
(b) Isotherms below 120 K showing the development of the

anomalous "coercive"-force-type spin transition.

FIG. 2. Plot of 0 ' vs 8& ja, where H& is the applied
field corrected for demagnetization effects. The effect
of the nearly constant high-field susceptibility is seen in
the increasing curvature at low temperatures.

Magnetization data as a function of applied field
are shown in Fig. 1(a) from 435 (above the bulk
Curie temperature) down to 160 K. Below about
150 K an anomalous "coercive-field"-type behav-
ior develops in the magnetization isotherms, Fig.
l(b), and is discussed in Sec. III. The data of
Fig. 1(a) indicate conventional ferromagnetic be-
havior except for the relatively large high-field
susceptibility above technical saturation. This
response suggests a somewhat loosely coupled
spin system, one in which some Tb spins are not
fully aligned in zero field due to the random anisot-
ropy field brought about by the amorphous struc-
tural disorder. The magnitude of the high-field
susceptibility is essentially independent of temper-
ature, which may reflect the competing effects of
increased anisotropy and increasingly more effec-
tive exchange coupling as temperature decreases.
It is noted that the large susceptibility is absent
for the S-state-ion material GdFe2 discussed in

Sec. IV. The effect of the high-field susceptibil-
ity of TbFe2 is also reflected in the "Arrott" plot

2of o vs H jcr shown in Fig. 2, which indicates a
Curie temperature close to the 383-K isotherm.
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This plot is based on an expansion of the free en-

ergy of the form F=MH+aM +bM, which is
not a complete description for the amorphous
TbFez including random anisotropy as evidenced
by the curvature in Fig. 2.

The spontaneous moment obtained by extrap-
olation of the magnetization curves back to the
demagnetizing field is plotted in Fig. 3 and yields
a somewhat higher Curie temperature of 409 K—
a difference not considered surprising in view of
the rather smeared-out character of the phase
transition as observed in the critical scattering of
neutrons. The dotted curve in Fig. 3 indicates
the low-T region in which a reliable extrapolation
could not be made due to the anomalous magneti-
zation curves. The resulting 0-K intercept cor-
responds to 4. 2p, ~ per formula unit, which is sig-
nificantly lower than the 5. 4p~ of the Laves-phase
compound obtained by neutron diffraction' and also
shown in Fig. 3, or the 4. 6p.~ expected using an
antiparallel combination of the moments of ele-
mental Tb (P = 9P,e) and Fe. The reduction of the
iron moment from 2. 2p, ~ to 1.7p, ~ in the Laves
compounds is ascribed to charge transfer from
the Tb to the Fe d band, which also allows for the
observed 11 jp contraction of the Tb-Tb nearest-
neighbor separation distance below that of their
metallic radii.

The amorphous magnetization results imp1. y that
the ferromagnetic Fe- Fe and antiferromagnetic
Fe- Tb exchange couplings of the Laves phase are
maintained, but leave open the question of the iron-
moment suppression by band effects. It is in fact
noted that the significant spatial contraction of the
R-R pair separation distances is absent in the
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FIG. 3. Spontaneous moment for amorphous and crys-
talline TbFe2 as a function of temperature. The square
symbols are results from neutron diffraction (see Ref. 4).

amorphous material, but that based on the amorphous
GdFe2 results (Sec. IV) the iron moment is 1.55ge,
consistent with the Laves-phase moment. This
may imply that the relationship between charge-
transfer effects on the itinerant Fe moment and
the observed interatomic separation distances may
be more complex than previously described.

The rare-earth moment is unaffected by band-
structure effects, but may be effectively suppressed
in a manner consistent with the observed TbFe~
high-field susceptibility, by incomplete or noncol-
linear spin alignment between the Tb and Fe spins
due to the local anisotropy fluctuationss andjor
spatial fluctuations in exchange fields' arising
from the structural disorder, both of which can
also contribute to the large 45% reduction in Curie
temperature shown in Fig. 3. The Curie-tem-
perature point of the crystalline phase is from
Burzo. " It is noted that the maximum moment
achieved at 60 kOe and 3. 5 K (see Sec. III) is
4. 7p.~, suggesting that the full Laves-phase mo-
ment would again be recovered in fields large
enough to overcome the Tb local anisotropy and
produce a uniform collinear spin alignment.

Above the ordering temperature the susceptibil-
ity of the amorphous TbFe, is somewhat field de-
pendent up to the highest temperature measured
(4&2 K) and the data do not follow a Curie-Weiss
temperature dependence. Both of these results
indicate a degree of short-range order persisting
to temperatures more than 20 j~ higher than the
Curie point.

LOW-TEMPERA I'URE CRYSTAL-FIELD EFFECTS

The Iow-T magnetization curves of Fig. 1(b)
show the development of large 'coercive-like"
fields which increase dramatically at low temper-
atures and reach 30 kOe at 4. 2 K. The sample
was annealed to above 250 K between each magne-
tization in Fig. 1(b) to remove the remanent magneti-
zation. High-field hysteresis loops as in Fig. 4 were
also taken without annealing to determine the tem-
perature dependence of the coercive or spin-rever-
sal field. This field corresponded closely to the
field required to achieve technical saturation in

the virgin" curves of Fig. 1(b) which do not ex-
hibit the abrupt spin-flip field found in the hystere-
sis-loop results. The general features of the
4. S-K hysteresis loop are characteristic a1so of
those at higher temperature, while below this tem-
perature a "squaring-off" of the loop was observed
as in the 1. 5-K data shown. This effect and the
associated slight decrease in transition field are
believed to arise from local magnetothermal heat-
ing of the sample during the spin-reversal process
at low temperatures where the specific heat is van-
ishingly small. The temperature dependence of
the spin-fLip field is plotted in Fig. 5. Also shown
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ropy energy minimum in the direction of the ap-
plied field and neglects intercluster exchange, then
the rate of 180' (+ to -) spin reversals becomes

' =- —H, + (term describing inverse
df

spin reversals),

where N, is the number of spins reversing direc-
tion. Near the critical transition field then one
can neglect the last (inverse-reversal) term and
the time constant for the spin-flip process be-
comes'

1 V(SE HH)—
4Kb T

(2)

where vo is the natural precession frequency for
spin rotation in the material. K is the E= 2 a.n-
isotropy constant and V is the volume of the spin
unit to be flipped. If one gradually increases the
field, starting in the negative-moment saturated
state of Fig. 4, the time constant of the spin flips
gradually shortens until at the critical field it
reaches the order of fractional seconds and the
transition appears to take place discontinuously.
In principle the transition could be induced at a
lower field after a sufficient waiting time.

The assumption underlying expression (2) of a
collinear applied and anisotropy field direction for
all Tb spins and the neglect of intercluster exchange
in amorphous TbFe is admittedly unrealistic. A
properly performed direction-dependent average
including exchange will have the effect of modify-
ing the E and H in expression (2) and necessitate
averaging the exponential over all rare-earth sites.
Nevertheless, the result of applying expression
(2) with the arbitrary choice of v = 1/voe sec is
shown by the dashed line of Fig. 5. The values of
E and V used in the fitting (E= 1.5X 10~ erg/cm,
V= 520 A3) have no precise physical meaning be-
cause of the above mentioned averaging; ho~ever,
the over-all functional form expressed by (2) does
represent the data reasonably well from the lowest
temperature to above 40 K. One may assume that
with suitable modification for the amorphous struc-
ture this activation-energy spin-flip model may ex-
plain the observed rapid temperature dependence
of H, . The upper bound on the observed 0, as T-0
will be given by the appropriately averaged local
anisotropy and exchange energy. If the anisotropy
energy dominates the coercive-field behavior, then
the maximum coercive fields for various substitut-
ed rare earths should follow the l= 2 quadrupole-
moment-operator equivalent factor' o'Yz(J) for the
particular rare-earth ion. One would thus con-
clude that DyFe& would show a similar maximum
H, and SmFeq would be about 40% smaller. High-
field measurements at 4 K by Clark have given

tra,nsition fields of 32kOefor DyFe2 and 21 kOe for
SmFe&, which when compared to the 30 kOe for
TbFea confirm reasonably well the expected anisot-
ropy dependence.
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FIG. 6. Magnetization isotherms for amorphous
GdFe2.

IV. MAGNETIZATION OF AMORPHOUS GdFe2

The absence of appreciable local single-ion an-
isotropy in amorphous GdFe& produces several
significant changes in the magnetizat;ion compared
to TbFe&. The isothermal-magnetization dataof Fig.
6 again are characteristic of a ferromagnet, but
without the significant high-field susceptibility seen
in the TbFe2. The apparent soft coupling of some
spins observed in TbFe& appears to be absent in
the nonanisotropic GdFez and confirms its local
anisotropy origin. No hysteresis or measurable
coercive field was observed down to 4 K. The
spontaneous moment obtain d from the isothermal-
magnetization data is plotted in Fig. 7 and compared
to the moment of crystalline GdFe& from Burzo. "
The Curie point of 500 Kis fractionally somewhat less
suppressed below that of the crystalline material (T
= 795 K) thanin TbFe„while, in marked contrast to
theterbium system, the 0-K saturation moment of
amorphous GdFe& corresponds to that of the crys-
talline material. This represents the absence of
local crystal-field anisotropy effects on the spin
alignment and on T,.6 The slight drop in moment
below 40 K is reproducible but not understood. The
fully saturated moment corresponds to 1.55 p, ~ for
the Fe and the antiparallel-spin arrangement. The
agreement between iron moments in both amorphous
and crystalline GdFe~ suggests a degree of Tb- Fe
charge transfer may occur also in the amorphous
phase. However, as mentioned in Sec. II, the ac-
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FIG. 7. Spontaneous moment for amorphous and crys-
talline GdFe2 as a function of temperature.

companying large contraction of the R-R nearest-
neighbor distance in the Laves phase is not found
for the amorphous structures, although a small re-
ductionwasfoundby Cargill in the Gd material. The
Curie temperature of amorphous GdFeq determined
from a plot of o vs H/o is 500 K. Plotted in
this fashion the data are reasonably linear both
above and considerably belo~ &c in contrast to the
TbFe~. The Curie temperature of 500 K is in
agreement with that found also for thin-film
(= 2000 A) sputtered samples. ' The data differ
in some detail from a previous measurement on
Gd, Fe, amorphous films prepared by coevapora-
tion onto a nitrogen-cooled substrate. Their re-

suits on GdQ 3QFeQ 88 at 77 and 294 K indicated a
significantly lower over- all magnetization and a
lack of saturation in S-kOe applied fields. This
may indicate an increased degree of strain-induced
disorder or impurity effects in the thin evaporated
films.

V. NONMAGNETIC YFe2

The substitution of nonmagnetic Y (or Lu) for a
magnetic rare earth can provide a direct measure
of the host (in this case Fe) sublattice magnetiza-
tion and exchange energies. Under the assumption
that the magnetic order and Curie temperature are
primarily determined by the iron-iron exchange,
then by analogy with the terbium and gadolinium
amorphous rare-earth-iron systems, one would
have expected YFe& to be magnetic with a Curie
temperature near 320 K, compared to the polycrys-
talline value of 535 K. Anomalously, the amor-
phous YFe2 exhibits only strong short-range order
down to 3.5 K, the lowest temperature used, with no
evidence of development of long-range ordered
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FIG. 8. Isotherms for amorphous YFe2 illustrating be-
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FIG. 9. Low-temperature hysteresis loop for YFe2
indicating small-particle-type magnetic behavior. The
small "blips" at 0 applied field are the time dependence
of the remanent moment over a period of approximately
1 min. The insert gives representative values of the
coercive field and remanent magnetization at several
temperatures.
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(Fig. 10inset) does not show Curie-Weiss behavior.
The reciprocal susceptibility also does not have
the functional form o T + gT as appropriate for
itinerant-moment systems above T~, again im-
plying the persistence of strong short-range-cluster
spin ordering.

UI. CONCLUSIONS
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FIG. 10. Plot of 0 vs H~/cr for YFe2. The inset dis-
plays the inverse susceptibility obtained from the H,/a
intercept vs temperature

magnetism as shown by the isotherms of Fig. 8.
The maximum moment achieved at 18 k0e corres-
sponds to 0.7p~ per iron atom. Additional high-
field magnetization measurements at 1. 5 K and
80 KOe (H/T= 40 kOe/K sufficient to saturate a
system of local free paramagnetic spins) produced
a moment of 1. 1p,~ per iron atom still far from
saturation. This suggests an itinerant-moment
interpretation for the iron magnetization. At tem-
peratures below about 50 K, a small hysteresis and

remanent magnetization develops which increases
at lower temperatures to 1.8 kOe and 9.4 emu/g,
respectively, at 4. 2 K as given in Fig. 9. The
remanent magnetization is time dependent and de-
creases by about 10% after 1 min.

The over-all magnetic behavior of YFe2 suggests
the presence of weakly interactive small magnetic
clusters. Plotting the amorphous YFez data as
o vs H/o (except in the temperature range where
the hysteresis exists) in Fig. 10 yields intercepts
on the H/o axis characteristic of over-all para-
magnetic order. The curves depart from a straight
line and curve toward the origin at low fields. The
reciprocal susceptibility obtained from this plot

The predominant features of the Tb, Gd, and Y
systems are the existence of ferromagnetic (or ferri-
magnetic) order in the first two materials and only
short-range-cluster order in the YFe&. In addition
the Tb material shows a comparatively large sus-
ceptibility below T, and a giant "coercive-field"
effect at low temperature. The data plus the form
of the low-angle magnetic scattering observed in

the neutron studies on TbFel strongly suggest the
existence of a magnetic coherence distance con-
siderably greater than the atomic coherence dis-
tances (but not infinite). A possible qualitative
explanation of these effects is to postulate that the
exchange interaction between iron atoms is of
quite short range, possibly only nearest neighbor,
and that the coupling of iron to rare earths is
much weaker (or absent in the case of Y) than the
Fe- Fe exchange coupling. Phenomenologically
then this means that the presence of the rare
earth partially or fully breaks up the long-range
nature of the magnetic order. This "impurity"
interruption of the Fe- Fe nearest-neighbor ex-
change will occur along any path taken from a
given iron site and an average of these path lengths
may define the size of the spin "unit" which gives
rise to the clusterlike behavior observed in the

YFe2 and also prescribes the spin volume neces-
sary to account for the low- temperature behavior
of the TbFe2.
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