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Results of magnetic measurements are presented on the new metallic glass systems
(Rg0Gay)i100—xFex and ( RgoGaygleeBio, where R denotes the heavy rare earths Gd, Tb, and Er, for
x=10, 20, and 30, respectively. High-field magnetization (to 80 kOe) and ac and dc susceptibility
measurements were made from 1.4 to 300 K. The Gd-Fe glasses are simple ferrimagnets with op-
posing Gd and Fe moments. The Gd-B glass exhibits two apparent transitions
(paramagnetic—ferromagnetic—like, and ferromagnetic spin-glass) as the temperature is lowered.
As Fe is added, the low-temperature transition disappears. The data can be understood in terms of
Sherrington-Kirkpatrick—type models for the phase diagram with competing ferromagnetic and
spin-glass order. In the Tb and Er glasses a strong local random anisotropy prevents saturation of
the magnetization in high fields, and the ac susceptibility shows sharp peaks indicating speromag-
netic (spin-glass-like) order. In high fields the moment approaches that expected for a hemisphere
of randomly oriented spins (%gJ/spin), so that an asperomagnetic structure is produced by the ap-
plied field. For small values of x (10 and 20), the Tb and Er glasses exhibit coercive force, H,, and
hysteresis characteristics consistent with coherent-rotation processes. However, for large Fe concen-
trations (x=30), the ac susceptibility peaks are considerably smeared, suggesting increased chemical
short-range order and increased heterogeneity. The observed increase of H, in these alloys seems to
be consistent with the theory of Paul, although the choice of parameters is not well defined. The
temperature dependence of H, for the x=30 alloys indicates that domain-wall motion or nucleation
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processes appear to dominate magnetization reversal.

1. INTRODUCTION

Metallic glasses based on 3d transition metals are often
soft ferromagnets which exhibit small coercivities and are
easily saturated in low applied magnetic fields. The fun-
damental reasons for this behavior in concentrated 3d al-
loys are the absence of a large spin-orbit interaction in
light elements and the “quenching” of the orbital angular
momentum. Since the 3d spins are effectively decoupled
from the lattice because of this effect, the energetic bar-
riers to spin alignment with an applied field are small as
is necessary for soft ferromagnets. Metallic glasses based
on the rare earths, however, usually exhibit quite different
behavior.! Since the 4f electronic wave functions respon-
sible for the presence of a magnetic moment on rare-earth
ions are buried relatively deeply within the ion, they retain
much of their atomiclike character and there is little or no
quenching of the orbital angular momentum.? This is
especially true of the heavy rare earths, but the light rare
earths may exhibit a more complex magnetic behavior.3—¢
Thus in rare-earth-based alloys (except Gd, La, and Lu)
we expect a large spin-orbit interaction through which the
spins may strongly couple to the local environment. In
order to explain results of magnetic measurements on me-
tallic glasses which show large curvature in the high-field
magnetization, reduced spontaneous magnetization and
often large coercive forces, Harris et al.l'’ presented a
theory in which a local uniaxial anisotropy with random
orientation was assumed at each rare-earth site.

In the local-random-anisotropy model of Harris,
Pliscke, and Zuckermann (HPZ) it was assumed that the
uniaxial anisotropy was constant in magnitude but vary-
ing in direction. The HPZ Hamiltonian is’

H=—1 7S[T6)-T()]—DI (A I 2 —puHSJ, (i),

ij i
(1)

where # is the exchange, u is the magnetic moment, 7; is
the local (random) easy axis, and D is the single-ion aniso-
tropy. This was solved in the molecular-field approxima-
tion. The ground state obtained by Harris et al. is
asperomagnetic for # >0 with a “spontaneous magnetiza-
tion,” My, of +gJ/spin. If # is taken to be negative, a
speromagnetic (or spin-glass-like) state is obtained in
which the spins are distributed randomly in direction and
My,=0. However, more recent calculations by other
workers using different techniques have predicted the true
ground state to be speromagnetic or spin-glass-like for
ra >0.%° Also, more recently, Harris'® has concluded
that an asperomagnetic state, but with 25% of the spins
reversed to the lower hemisphere, is the true ground state.
Using another approach Callen et al.!! have proposed a
microdomain model which predicts that at intermediate
ratios of anisotropy to exchange, coherent regions will ex-
ist with spins directed along a regional easy axis. This re-
sult was in agreement with predictions of Chi and Alben'?
and Alben et al,'® in which the ground state was
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described as consisting of domains, i.e., a ‘“polydomain”
model.

In the present work an attempt will be made to inter-
pret experimental results within the framework of some of
the above theories. Because of the crystal anisotropy
present in rare-earth alloys, many promising permanent
magnet materials such as RA4s and the R, 47 compounds
are being extensively studied with R a rare earth and
A=Co, Fe, or Ni.'¥~!® Recently, however, there have
been theoretical predictions which suggest the hetero-
geneity of the magnetic material may play an important
role in determining the magnetic hardness.””*® Thus
some rare-earth metallic glasses, which may be magneti-
cally quite heterogeneous because of random fluctuations
or a phase separation, may be expected to be magnetically
hard. In the light of these predictions and some initial re-
sults on amorphous (PrgyGayg)soFes,> "2 we extended our
study to the systems (R goGayg)i00—xFex Where 0 <x <30,
and R =Gd, Tb, and Er. In this paper we will present re-
sults of x-ray diffraction, dc and ac magnetic susceptibili-
ty, and high-field magnetization measurements. An at-
tempt will be made to interpret the magnetic hardness of
these materials in terms of the presence of site-of-site
fluctuations in the magnetic properties of these glasses.

II. EXPERIMENTAL METHODS

Alloys of (RgyGayg)igo—xFe, for x <30 and R =Gb,
Tb, and Er were prepared by arc melting under argon.
The purities of the elements used were at least 99.9%.
Buttons of polycrystalline material were then melted in a
modified arc-melting furnace whereupon they were rapid-
ly quenched to obtain amorphous foils of thickness about
50 pm. X-ray diffraction measurements employing a
Si(Li) detector were made to ensure that the samples were
amorphous. It was found that some crystalline lines were
present in alloys containing no Fe, so that 10 at. % boron
was added to these samples to produce the amorphous
state. Figure 1 shows a typical Mo Ka diffraction pat-
tern for (GdgyGayglgoBio. The liquidlike structure is evi-
dent.

ac susceptibility measurements were performed between
4.2 and 300 K. This apparatus employed a balanced pair
of coils, a driving field of about 0.3 Oe, and was operated

(GdgoGazplaoBio
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FIG. 1. Mo Ka x-ray diffractogram on amorphous
(GdgoGazo)eoBio-
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at a frequency of 280 Hz. Standard phase-sensitive detec-
tion techniques, a probe slowly lowered into a helium
bath, and a computer-controlled data-acquisition system
were employed. Faraday susceptibility measurements and
high-field magnetization studies were performed between
4.2 and 300 K with systems that have been described pre-
viously. 22

III. ASPECTS OF DATA ANALYSIS

In this paper two methods are employed to obtain the
spontaneous magnetization M, and the uniaxial anisotro-
py constant K. K is related to D by K =nD, where n is
the spin density. The first method is based on the usual
form for the empirical law of approach to ferromagnetic
saturation:?

Ay A4,

M=MO |1—“_'— +XHH, (2)

H H*

where M|, is the spontaneous magnetization and Xy is the
high-field susceptibility. The coefficient A4, is determined
by the anisotropy K, as well as by magnetoelastic stresses,
and is taken to be?®

A,=-(K?/M,) . 3)

The term A, is determined by plastic deformations, non-
magnetic inclusions,?” dislocation dipoles,28 or other inho-
mogeneities within the samples. Fairly good fits are ob-
tained at high fields with 4,=0, but in the intermediate-
field regions the H ~! term is shown to be important.

The second method for estimating the anisotropy con-
stant is called the magnetization-area method. Here, K is
given by?

oAM= 2K 4
g =1K, )

where M is the remanent magnetization and the integral
corresponds to the area to the left of the M (H) curve as
the field is decreased from the saturation value to zero.
There are several limitations to this technique which
should be mentioned. The most obvious problem is the
lack of observable saturation at high fields with the avail-
able 80-kOe field. Many of the alloys studied still may
have considerable curvature at up to 200 kOe. Thus this
technique will obviously give too small a value in those
cases. Also, at low applied fields, various processes such
as domain-wall diffusion, etc., occur, and the spins do not
rotate directly against forces of anisotropy. However, by
extrapolating Xy, which often decreases nearly linearly as
H is increased, to obtain an estimate of the saturation
field, a more reasonable estimate of K can be made. It is
interesting that in nearly every case this method gives
values of K in reasonable agreement with results of the
fits to the law of approach to saturation.

IV. RESULTS AND DISCUSSION OF GENERAL
MAGNETIC PROPERTIES

A. Gd-based glasses

Results of ac susceptibility measurements on the
(GdggGayg)i00—xFex for x =10 and 20 are presented in
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Fig. 2. Also shown are data for (GdgGazpleoBio. As
mentioned above, the boron was required to stabilize the
glassy phase in this case. Hereafter, the boron-containing
glass will be denoted as the x =0 glass for convenience.
In each case, samples of equal mass, which were rectangu-
lar strips measuring about 1 mm X4 mm X350 um, were
placed with their long axes parallel to the applied ac mag-
netic field. The measured ac susceptibility is given by

dM _ dM
dH, d(H+NM)’

where the applied field is H,=H+NM with N the
demagnetization factor. In the limit that the true suscep-
tibility, X =dM /dH, diverges, X,.— N ~!. Thus for a fer-
romagnetic transition at T, X,. becomes a constant, and
if there is a sharp flattening of the measured susceptibili-
ty, a reasonably accurate measurement of 7, can be ob-
tained. Such apparent ferromagnetic transitions are seen
in Fig. 2 at 122, 172, and 219 K, for the x =0, 10, and 20
samples, respectively. Since deviations of Xy (=N )
were less than 10% for different samples, the demagneti-
zation factors are fairly well known.

The increase in T, with Fe concentration is understand-
able in terms of a mean-field model for which T, is pro-
portional to #, the average exchange.! On the other
hand, the low-temperature drop in X, for the x =0 sam-
ple is less easily explained. The two possibilities are (a) a
“reentrant” or ferromagnetic—spin-glass transition® at
about Ty, =50 K, or (b) the magnetic hardening of a mul-
tidomain ferromagnet as the result of the pinning of
domain walls below 50 K. Figure 3 shows X,. for the
x =0 sample for the fields parallel and perpendicular to
the plane of the sample strips. X« scales approximately
as the demagnetization coefficient. In addition, the inset
shows how the coercive force H, increases below about 25
K. On the basis of these data alone it is not possible to
conclude with certainty that either the “double-transition”
or “hysteretic ferromagnet” hypothesis is correct. How-

Xpo= (5)

ever, there are several factors that make the
(Gdgo Gdz0)i00-xFex
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FIG. 2. ac susceptibility measurements on Gd-based glasses.
The glass marked x =0 is (GdgyGayo)eoBio. The scale on the
vertical axis is chosen by averaging several measurements on
infinite-susceptibility glasses whose maximum value of X, is
1/N. Thus the value of N varies by less than 10% for these
samples. This is expected to be the case for all other samples
discussed in this paper.
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FIG. 3. ac measurements on (GdgyGay)eoBjo with the sample
parallel to field orientation and perpendicular to field orienta-
tion. Inset shows coercive field ( H, ) against temperature.

ferromagnetic—spin-glass transition explanation likely.
The first is that the Sherrington-Kirkpatrick®! phase dia-
gram suggests that in a system with an average ferromag-
netic exchange of magnitude £ and with exchange fluc-
tuations of average magnitude A, there will be such
double transitions when A7 /f,~1. We have
discovered™ in the related system Gd,La;,_,Ga;sB, that
a complete phase diagram can be determined with
paramagnetic, ferromagnetic, and spin-glass regions; there
is an apparent multicritical point (MCP) at x =67. The
concentration dependence of these data suggests that there
are, in fact, considerable exchange fluctuations so that one
is near a MCP in the (GdgyGayg)i00—xFex system. More-
over, the increase in #( as x increases would move one
away from the MCP in the phase diagram and remove the
ferromagnetic—spin-glass transition—just as was ob-
served.

Figure 4 shows high-field magnetization of all three al-
loys at 4.2 K in units of emu/g. The values obtained for
the spontaneous magnetization M, by extrapolation of

250 F (GdgoGazohoo-xFex X=0
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FIG. 4. High-field magnetization measurements on Gd-based
glasses. Thick arrows indicate complete spin alignment (see
test).
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high-field data to H =0 are 220, 200, and 178 emu/g for
the x =0, 10, and 20 alloys, respectively. Corresponding
values obtained for M, from fits to Eq. (2) are 220.9,
200.7, and 177.5 emu/g. The spontaneous moments cal-
culated for ferromagnetism for the glass containing no
iron and for antiparallel alignment of Gd and Fe spins in
the other glasses are indicated by thick arrows in the fig-
ure (assuming gJ =7up for Gd and 2.2up for Fe). Clear-
ly, the Fe-containing glasses are ferrimagnetic as expected
for Gd alloys with magnetic transition-metal solutes.

In Fig. 4 it is interesting that the x =0 glass is magneti-
cally harder than the samples containing Fe. The
magnetization-area method of estimating K [Eq. (4)] leads
to K~1.5Xx107 erg/cm?, a rather large value for an S-
state ion with little or no spin-orbit coupling. Table I lists
the anisotropy constants, as well as other parameters ob-
tained from fits to Eqs. (2)—(4). It should be noted that
the K value for the x =20 sample is about 4 times small-
er than that for the x =0 sample. In view of the above
discussion of the likelihood of this being a system with
competing ferromagnetic and spin-glass order, we suggest
that the relatively large K value for the (GdgyGayp)eoBio
glass is due to some admixture of antiferromagnetic cou-
pling in the exchange distribution, and thus is not due to
local random anisotropy caused by electric field gradients
operating on Gd ions containing some orbital angular
momentum in their wave functions. The increase of the
average exchange (7)) as Fe is added and the consequent
decrease in the measured K support this model.

B. Tb-based glasses

ac susceptibility measurements made on the Tb alloys
(TbgoGazg)100—x Fex for x =10, 20, and 30 are shown in
Fig. 5, as well as data for (TbgyGaygleoB1o. The addition
of 10 at. % B was required for this alloy to stabilize glass
formation. Hereafter, this glass [(TbgyGayg)goBio] Will be
called the Tb x =0 glass for convenience. The scale is
normalized to the scale of the previous Gd alloys, and all
of the alloys have the same mass and geometry and are
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FIG. 5. ac susceptibility for Tb-based glasses. The x =0
glass is (TbgoGazo)eoBio. The inset shows the results of measure-
ments in both parallel and perpendicular to the applied magnetic
field. The large difference in X,. for the two orientations sug-
gests the value of X, is controlled by demagnetization effects in-
dicating a large susceptibility at X max (see text).

oriented the same as discussed before. The x =0 sample
has a peak at 63 K, while the others show peaks at 87,
134, and 180 K for x =10, 20, and 30, respectively.
While the other alloys have a single peak which increases
as Fe is added, the 30-at. % Fe alloy has a dramatic drop
in Xmax and a second broad peak develops at lower tem-
peratures. The inset in Fig. 5 shows results of measure-
ments on the x =0 and samples in which the field was ap-
plied in the parallel and the perpendicular orientations.
For the 20-at. % alloy, the ration XT**/X|[** was about
12%, but for the alloy containing no iron, the ratio was
about 37%. Figure 6 shows the results of dc susceptibili-
ty measurements on the x =0 and 20 glasses using the
Faraday technique; similar data were obtained on the

=10 and 30 glasses. Open circles represent data ob-
tained after cooling in zero applied field and solid circles
represent data obtained after cooling in an applied field of
about 700 Oe. All data were taken as the temperature was
raised. The two curves meet at a temperature ( Tr) where
the spin-freezing processes apparently begin. The peaks
in ac susceptibility are indicated by vertical arrows. The
ac measurements in low fields are apparently a more pre-
cise measure of the onset of spin-freezing processes.

Examples of hysteresis loops for x =20 and 30 are
shown in Fig. 7. Sharp discontinuities are observed, par-
ticularly at 2.2 K for x =30, where a large number of ap-
parent domain walls moving in cascade lead to the mag-
netization reversals observed. Results of analysis of mag-
netization loops using the magnetization-area method and
the law of approach to saturation are given in Table I. In
each case that the magnetization failed to approach the
value for complete alignment even in fields of 80 kOe, a
large high-field susceptibility was observed and large in-
trinsic coercivities developed at low temperatures.

The above susceptibility and magnetization data for the
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FIG. 6. dc susceptibility of (TbgpGazleoBio and

(TbgoGayg)eoBao. The vertical arrows indicate spin-freezing tem-
peratures obtained by ac measurements.
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TABLE 1. Results of analysis of magnetization loops using the magnetization-area method and the law of approach to saturation.

My (5gJ)® BES K4 H. (0% H®™0Y H™o0) Xu
(emu/g)  (emu/g) (emu/g) (107 erg/cm®)  Mp (kOe) (kOe) (kOe) (10-% emu/g)
(GdgoGaz)soBio 220.9 110.5 0 1.5 ~0.70 0.7 0.77 91
(2.5)
(GdgoGazo)goFem 200.7 107 9.4 (1.10) 57
(GdgoGazo )goFezo 177.5 101.5 20.0 (0.6) ~0.15 127
(TbgoGaz0)00B1o 148 140 0 3.5 052 =44 40 UVt 373
(3.6)
(TbgeGayg)eoFero 137 136 9.3 2.34 0.72 40 40 uvh 156
(2.28)
(’rbgoGaqo)soFeﬂ) 147.5 129 19.8 1.67 0.83 40 43 61 253
(1.87)
(TbgoGazo)soFeso 137.1 121 319 1.50 0.77 =40 45 52.4 275
(1.90)
(ErgoGazg)eoBio 140.1 135 0 3.1) 0.17 390
4.2
(ErgoGazo)goFelo 130.5 1305 8.9 (2.6) 0.25 310
2.7
(ErgoGazg)soFern 144 124.3 19.0 (2.8) 0.46 ~6.0 6.5 230
2.4
(ErgoGazo)mFego 1379 119.0 30.7 (28) 0.51 ~10 9.0 16.5 192

2M, is from law of approach to saturation fits.

>This value is one-half the aligned-moment value for the rare-earth ions (assuming free-ion moments).

°This is the aligned-moment value for the Fe ions, assuming 2.2 up/Fe.

9This is the anisotropy from magnetization-area method and law of approach to saturation measurements, the latter in parentheses.
°This is the extrapolated (to T =0) value of H, from experimental data.

fH_.(0) obtained from the fit to the theory of Gaunt.
8 H,.(0) obtained from the fit to the theory of Egami.
YUV denotes unphysical values that were obtained ( > 10° Oe).
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FIG. 7. High-field magnetization of the x =20 and 30
glasses. These jumps in M (H) may be indications of micro-
domains (see text).

Tb glasses lead to the following picture of their magnetic
structure. The sharp X,. peaks and field-cooling effects
seen in the dc susceptibility indicate speromagnetic transi-
tions into a random spin-glasslike structure. As Fe is
added the magnitude of Xjs " increases but does not ap-
proach N~'. For x =20, XT™/X[**=0.12, which is
similar to the ratio expected on the basis of N /N, (also
see Fig. 3). Thus for this sample the Fe has driven the
system towards a ferromagneticlike state where X
diverges, but has not yet reached such a state. The large
local random anisotropy produces the scattered spin ar-
rangement, in agreement with the general theoretical re-
sults, which preclude a state with long-range magnetic or-
der in dimensions less than four, in the presence of ran-
dom magnetic anisotropy (RMA).3* In the case of the
x =30 sample, the ac susceptibility peak is weakened and
broadened, suggesting perhaps a system with significant
chemical short-range order (CSRO) magnetic clusters, and
a smeared magnetic transition.

C. Erbium-based glasses

Figure 8 shows results of ac susceptibility measure-
ments on  Er-based glasses of composition
(ErgoGayg)100—x Fe, where x =0, 10, 20, and 30. For the
x =0 glass, 15 at. % boron is added to stabilize the glass.
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FIG. 8. ac measurements on Er glasses. The x =0 glass is
(ErgoGayg)gsBis. Note how the value of X ., is reduced below Tb
glasses but that similarities between corresponding glasses are
pronounced.

This glass will be called the Er x =0 glass hereafter for
convenience. The scale on the susceptibility axis is in
units of N !, where N is an average demagnetizing factor
for these samples as determined from infinite-
susceptibility Gd samples. Full scale is about 0.45
emu/gQOe. ac susceptibility peaks, apparently at spin-
freezing temperatures, occur at 20, 23, 31, and about 50 K
for x =0, 10, 20, and 30, respectively. The strong reduc-
tion in X™** observed in these glasses indicates that they
are not ferromagnetic and suggests a speromagnetic
ground state. The reduction in susceptibility for the
x =30 glass is quite similar in character to that for the Tb
x =30 glass. A magnetic character quite different from
that of the x =0, 10, or 20 alloys is indicated and, again,
a cluster glass is suggested with significant CSRO.
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FIG. 9. High-field magnetization for Er-based glasses.
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High-field—magnetization data of Er glasses were fit to
the law of approach to saturation to determine spontane-
ous moments, anisotropy constants, and the high-field
susceptibility Xz;. The M, values obtained (see Table I)
were in agreement with asperomagnetic order in high
fields for the x =0 glass, while alloys containing Fe, as
with Tb glasses, gave M|, values somewhat larger than ex-
pected for asperomagnetic order and with Fe spins re-
versed. It is interesting that none of the magnetization
loops at low temperatures displayed giant discontinuities
as did Tb-based glasses. In addition, the coercive fields
were greatly reduced from corresponding Tb glasses. This
can be seen from Fig. 9(a) which shows a 4.2-K hysteresis
loop for the x =20 glass. Figure 9(b) shows field sweeps
at different temperatures. The hatched area to the left of
the 10.8-K sweep can be used to measure the anisotropy
constant by the magnetization-area method. Interestingly,
the coercive field at 4.2 K for the x =30 glass is larger
from that for the case of x =0, 10, or 20. The same was
true for the x =30 glass of Tb. These observations show
the systematic similarity between Er and corresponding
Tb glasses. The differences in the two systems seem to be
quantitative ones reflecting difference exchange and local
RMA strengths.

V. MAGNETIC HYSTERESIS
IN Tb- AND Er-BASED GLASSES

The preceding glasses, except those based on Gd, all ex-
hibit magnetic hardness at low temperatures. This is due
largely to the anisotropy, K, which tends to compete
against exchange forces in an attempt to align spins along
the local easy-magnetization axis. For an array of single-
domain particles with uniaxial anisotropy at random
directions, Stoner and Wohlfarth3* predicted magnetic
hysteresis as is shown in Fig. 10(a).>> Figure 10(b) shows
a low-temperature loop for (TbgyGayg)goB1g. The charac-
ter of this loop is similar to that for noninteracting
single-domain particles as shown in Fig. 10(a). Since then
there have been several theories predicting giant intrinsic
magnetic hardness in amorphous magnets. A theory by
Bishop and Lewis,>® which models domain walls by soli-
tons, predicts domain-wall pinning to occur when the
domain-wall width becomes a few lattice spacings. Chi
and Alben'? predict an abrupt increase in coercivity when
D/ =5 for amorphous uniaxial magnets, while Patter-
son etal,”” using a local—mean-field-approxi-
mation technique, predict a similar increase at D/ # =7.
Ferrer et al.,* using Monte Carlo techniques, have con-
sidered the case of # <O (antiferromagnetic coupling) and
have found that H,~0.95D when D/ | # | >2.5. Using
the molecular-field approximation, Callen et al.!! have
predicted the existence of “microdomains” in large aniso-
tropy amorphous magnets. These are regions where local
magnetization tends to point along a dominant easy-
magnetization axis and which interact with one another
by the molecular field AM.

In the following sections we compare our results with
several theories of magnetic hardness. These include mi-
croscopic models relevant to 7"=0 and also models in-
tended to explain the temperature dependence of the coer-
civity.
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FIG. 10. Hysteresis loop at T =0 for system of noninteract-
ing single-domain particles with uniaxial anisotropy (top). Hys-
teresis loop for (TbgyGazg)eoBio at 4.2 K (bottom).

A. Zero-temperature microscopic models

The microdomain theory of Callen et al.!! predicts for
positive A the onset of a coercive field at d ~2.5, where
d =D /Anu? with D being the single-ion anisotropy, A be-
ing the molecular-field constant, and p being the moment.
Figure 11(a) shows the reduced remanence My versus d
for d >0. In the case of ferromagnetic microdomain in-
teractions, d is small and My, is large (approaching 1) but
for large d, My approaches 0.5, the Stoner-Wohlfarth
value. Also predicted are discontinuous jumps in the ini-
tial magnetization as shown in Fig. 11(b). Figure 11(c)
shows the predicted coercive force against d in the Callen
et al. model. This is contrasted with a saturation
of H, at D/ # >5 as predicted by Chi and Alben.!> Fig-
ures 12 and 13 show initial magnetization curves (taken at
intermediate sweep rates) for some Tb and Er alloys,
respectively, at 4.2 K. The Fe-containing Tb alloys show
discontinuous jumps at about 30 kOe, which occur at
higher fields if the sweep rate is lowered. Fe-containing
Er alloys show increases at much smaller fields, and no
large discontinuities appear, but small jumps are observed
as the hysteresis loop is traversed. The large discontinui-
ties observed in Tb alloys (see Fig. 7) are typical of other
Tb alloys such as TbFe, (Ref. 39) and Tb,;sAu,s (Ref. 29).

These discontinuities have been explained as a ther-
momagnetic effect in which heat released a local magneti-
zation reversal activates nearby regions to reverse, etc.,
until thermal equilibrium has been reached.* The jumps
observed involve volumes of about 10~ cm?® (Er glasses)
to 103 cm? (Tb glasses) as determined by assuming these
regions of spin reversal to be ‘“‘saturated” to the “spon-
taneous” moment obtained by the law of approach to
saturation.

O 02 04 06 08 10 h

FIG. 11. Predictions of the Callen et al. model for interact-
ing single-domain particles with random anisotropy at 7 =0.
The value d is the ratio of the anisotropy to the interaction
strength (exchange). In (a) the reduced remanence m (0)=Mp in
text is plotted against d. For strongly interacting systems d is
small and m (0) is nearly 1. (b) shows predicted jumps in the in-
itial magnetization curve and (c) shows the reduced coercivity vs
d. h. should be small when the reduced remanence m (0) is
large. Figures are taken from Ref. 11.
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FIG. 12. Initial magnetization curves at 4.2 K for Tb-based
glasses.
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FIG. 13. Initial magnetization curves at 4.2 K for Er-based
glasses.

The virgin curves of the Er alloys suggest a spin-flop
process. This follows because of the relatively low fields at
which there are inflection points in M (H) (2—4 kQe), and
by analogy with antiferromagnetic intermetallic com-
pounds such as ErGa, (Ty=7.5 K, where spin-flop fields
of about 6 and 18 kOe are observed).*! Because of expect-
ed disorder and exchange fluctuations in the Er glass, one
would not expect a sharp spin-flop field. This type of
behavior has been predicted by Ferrer er al. and Bhatta-
charjee and Cogblin for the case of a random antifer-
romagnet spin flopping to a random ferromagnet.’® The
presence of antiferromagnetic interactions in Er alloys is
supported both by the greatly reduced Mz which is below
0.5, and by the much reduced ac susceptibility peaks ob-
served in these alloys as was shown in Fig. 8. In the Er
alloys (Fig. 13) it appears that the critical spin-flop field
decreases as Fe content decreases (d increasing). This is
consistent with predictions of Ferrer et al.’® in a
quantum-mechanical mean-field approximation, but is the
reverse of results of a Monte-Carlo calculation and of the
classical mean-field approximation of Callen et al.!!
However, the presence of a spontaneous moment in these
glasses may complicate this interpretation. The case for
Tb glasses (Fig. 12) is different. Here, the x =30 glass
shows a “jump” at a lower field than the x =20 glass.
Using a technique outlined in a previous paper”’ and
values of Mg, K, and M, obtained by the law of ap-
proach to saturation or the magnetization-area method,
we obtain, for (TbgyGaygleoBio, A<S5. This suggests,
within the model, a very weakly interacting spin system
and leads to H,~32 kOe, a value of the order of the ex-
trapolated experimental value of ~44 kOe. However, My
for Fe-containing alloys increases as the Fe content in-
creases, suggesting the presence of interactions which
should decrease d and therefore H, (since 0.964D=H,).
For (TbgoGazo)ﬂ)Fego, MI'( =0.77, which leads to
H,.~0.4K/My~7.5 kOe, a value greatly reduced from
the expected H,(0) (Table I) of 40 kOe. Coercive forces
predicted by Ferrer et al.3® for random antiferromagnetic
systems suggest values reduced from the ferromagnetic
case with equal D/| _#|. Following the procedure of
Ferrer et al., a value of H.(0)=18.8 kOe is obtained for
(ErggGayglgoBio, while 14.5 kOe is obtained for
(ErgoGa,g)ioFeso. Extrapolated values (Table I) are ~6
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and 10 kOe, respectively. Thus values of H,(0) do not de-
crease in Er alloys with increasing Fe concentration as is
predicted.

Obviously, the above comparison of experimental data
to theory requires the use of values obtained from experi-
ment of My, K, and Xy. Since Fe is expected to align
antiparallel with rare-earth ions in these alloys and Er al-
loys have speromagnetic (or possibly spin-glass) ground
states, the high-field data may give extrapolations on the
basis of which only qualitative agreement with the theory
could be expected.

B. Anisotropy and exchange fluctuation model: T =0

It has been suggested by several authors that it is the
presence of fluctuations in the strength of anisotropy and
exchange that can lead to a large intrinsic magnetic hard-
ness in anisotropic materials.?>*? Recently, Friedberg and
Paul”® have presented a domain-wall—pinning model
which has been successful in predicting the coercive force
(H,) in many materials. Using this theory, which
predicts pinning at “fluctuation” sites, and which Paul
has applied to amorphous materials,** we obtain the fol-
lowing form relating H, to other magnetic parameters:

2 KWW

H Ji K,
€T V2T M6,

J, K|’ (6)

where K, J;, 8;, and M, are the anisotropy, exchange,
domain-wall width parameter, and magnetization of mag-
netic region 1, and K,, and J, are similar parameters of
region 2, the defect region ; W is the width of region 2.
Although this theory has been developed for ferromag-
netic materials with planar defects parallel to domain
walls, Paul suggests that these may be “breakaway re-
gions” where part of the domain wall is parallel to part of
the defect during the wall motion and Eq. (6) is obeyed.
In order to compare the theory to realistic materials,
reasonable values for the fluctuation term are chosen, viz.,

(Al/Az——KZ/Kl)zO-z, (7)

with 4,/4,~1.1 and K,/K~0.9, so that fluctuations
are considered to be relatively small. Also, W is chosen to
be 7.5 A, a reasonable grain-boundary width; these as-
sumptions lead to

H,=0.57K,/M5, A, 8=(4,/K)""*, (8)

which gives good agreement when applied to many ma-
terials (including amorphous GdCo,). If we use
K;=1.5%10" erg/cm3 obtained for (GdgyGayg)eoB;o and
M =1540 emu/cm® we obtain H,~5.55X10° A Oe/5,.
By using

A1=3kBTC/Za N (9)

where Z =12 near neighbors and a =3 A, a value of 550
Oe is obtained for H, in this alloy which is close to
(=700 Oe) the experimentally extrapolated value. A
similar treatment on (GdgyGa,g)goFey with K ~0.6% 107
erg/cm> and M =1390 emu/cm® gives H, =137 Oe com-
pared to the experimental values of ~150 Oe. The same
method leads to H, =4 kOe for (TbgyGayg)goB19, an order
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of magnitude too small, while smaller values are found for
other Tb alloys. Also, the theory predicts values of 9.4
and 2 kOe for (ErgoGa20)90B10 and (ErgoGazo)70Fe3o,
respectively. However, the latter extrapolated experimen-
tal value is greater than 10 kOe. These results, which are
worse for increasing Fe content, may suggest the presence
of greater fluctuations than this theory can take into ac-
count. (The above theory, derived using a perturbation
technique, is valid only for materials with small fluctua-
tions.)

In amorphous materials containing magnetic transition
metals in a 4f or 5f host matrix, it is expected that hy-
bridization of 3d levels can lead to reduced or vanishing
moments on 3d sites whose local environment is deficient
in 3d neighbors.***> Thus the random nature of metallic
glasses may lead to a distribution of moments at Fe sites
and greatly increase the magnetic fluctuations of a materi-
al. Recently, Paul*® has extended and improved the above
theory to take into account large fluctuations in the site-
to-site magnetic properties of materials. By making the
assumption that the sample on the average has two types
of magnetic regions, and estimating the parameters F and
E (in Paul’s figures) from expected magnetic constants
within these regions, a maximum possible H, for the ma-
terial can be estimated. The ac susceptibility of
(TbgyGayg)7oFeso shows greatly reduced and broadened
peaks (see Fig. 5). This suggests the possibility of relative-
ly large heterogeneity within this sample. By assuming
this sample has Fe-rich and Tb-rich regions (defect and
host region), and using parameter values obtained from
(TbgoGayg)ioFesp and (TbggGayglgoBio, respectively, an es-
timate of H;"®* can be made. By assuming 7,,~200 K
and T,,=100 K and values K;~3.5X107 erg/cm?
K,~1.0x10" erg/cm3, M,=900 emu/cm?®, and
M;=110 emu/cm’, then an H™* of from 33 kOe to
about 50 kOe is predicted (using generated graphs in
Paul’s paper). The experimental extrapolated value is
about 40 kOe. Obviously, values obtained in this way are
dependent on a choice of input parameters and unless ac-
curate microscopic information is available, they should
be considered only as order-of-magnitude results. It is not
even certain that domain-wall motions are a dominant
mechanism of spin reversal in highly anisotropic random
alloys. (TbgyGayg)eoBig, for example, seems to resemble a
system of loosely interacting particles in which a
coherent-rotation mechanism is active, as seen in Fig. 10.
It is interesting that the above theory, in the limit of a
nonmagnetic defect, predicts

H,=2K,/M, , (10)

the maximum expected H, for coherent rotation for a
uniaxial particle in the Stoner-Wolfarth theory.>* Thus
the theory may be expected to have applicability, even in
the limit of single-domain-particle coherent rotations.

C. Temperature dependence of coercive
field in a coherent rotation model

The properties most important to magnetic hardness
are the intrinsic coercive force H,, and the magnetization
M. Well below the ordering temperature where M is
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nearly saturated, it is the coercive force which may deter-
mine the magnetic “hardness” of many materials. It has
been shown that single-domain particles may spontane-
ously reverse their magnetization direction if the height of
the barrier to coherent rotation is ~kp7. Bean and
Livingston*” have found (for a single-domain particle with
the reverse field along the axis) the temperature depen-
dence of H, to be

H,=Hy[1—5(kgT/KV)'/?], (11)

where H is the coercive force at T =0, V is the volume,
and K is the uniaxial anisotropy density. More recently,
several authors have improved this calculation by includ-
ing an array of noninteracting uniaxial particles with axes
randomly oriented to H,.*8—.

The proposed microdomain theory of Callen, Cullen,
and Liu, which modified the Stoner-Wohlfarth coherent-
rotation process at T'=0 by an exchange-enhanced effec-
tive field,!! has been extended to finite temperatures by
Gaunt.’! Using a load-line technique and assuming that d
(=D/AM3) and V are constant over the temperature
range, he obtained a reasonable fit at low temperatures to
the results of Rhyne et al. for amorphous TbFe,.** With
the use of these techniques for different values of d, fits
were obtained on Tb alloys as shown in Fig. 14. For
(TbgoGayglgoByo the fit was obtained with a domain
volume V=2180 A3 d=1, and H?=20 kOe. The
dashed line indicates the fit for a system of noninteracting
spins as in Eq. (12) with K=4.9X10" erg/cm’® and
V'=1950 A3. The fits are good at low temperature but
fail in all cases above ~20 K. Gaunt, who observed simi-
lar behavior in TbFe, fits, suggests that a range of values
of A in the sample may cause this behavior. For the
noninteracting case the theory suggests that a model in
which V decreases as T increases would better fit these
experimental data. Figure 15 shows similar fits to some
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FIG. 14. Experimental fits to Gaunt’s theory. The dashed
lines represent the best fit to the data for samples A and B.
Note that the data deviate from the theory above about 15 K
(sample A) and 25 K (sample B).
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FIG. 15. Experimental fits to Gaunt’s theory of the thermal

variation of H, for the Er-based glasses. The dashed lines
represent the fit to theory.

Er alloys. The behavior is seen to parallel that for Tb al-
loys except in the x =0 and 10 alloys that show a peak in
H_ at lower temperatures. These dropoffs at low T could
be a manifestation of a domain-wall tunneling process
predicted by Egami.>

D. Temperature dependence of intrinsic coercive field
in a domain-wall diffusion model

If domain walls are assumed within these materials,
then the intrinsic magnetic hardness could be due to inter-
nal energy barriers to domain-wall propagation or nu-
cleation. The probability for domain-wall motion against
barriers of energy height E is given by

i=ce FT (12)
where C ~exp(25) Hz.>> If we take 7~1 sec,
25kpT=E . (13)

Egami®? has shown that (for homogeneous nucleation pro-
cesses)

2 Hc
e lé(i £ He o

H | H,

1] , (14)

which may be approximated by>*

2 H 2
25kBT=l6—<ST)—Z——”— 1—(H ] ] (15)

H H,

and fitted by
H, =Hy{[1+(V: D>~ V;T} , (16)

where Hy=coercivity at 7T =0, and Vy=(25K)n/
7 (8?) with #(S?) equal to the exchange strength and
n equal to the width of domain wall in lattice spacings.
Least-squares fits of experimental data to this form are
shown in Fig. 16. It is interesting that for 30-at. % Fe al-
loys very good fits are obtained to the highest measured
temperatures. This is in contrast to resulis of fits to
Gaunt’s theory for activated rotations of single-domain
particles in that better fits for low Fe concentration alloys

35
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B (TbgpGazpleoBio
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20
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FIG. 16. Experimental fits to Egami’s theory of the thermal
variation of H, for some Tb- and Er-based alloys. The dashed
lines represent the fit to theory. Note the poorer fit in B. A
coherent rotation model fits data on (TbgyGayg)eoB1o better.

were obtained in that case. This might indicate that in
the x =30 alloys the spin-reversal mechanism is dominat-
ed more by wall diffusion of nucleation processes and in
the alloys containing less Fe coherent rotation processes
might dominate. ac susceptibility on the x =30 alloys
suggests magnetic ground states which are different from
other alloys of the series. This could be due to an increas-
ing heterogeneity in these samples, caused perhaps by the
increasing presence of chemical short-range order. The
relatively large coercive fields observed in the x =30 al-
loys would be consistent with this because of increased
fluctuations expected in “multiphase” materials.

VI. SUMMARY AND CONCLUSIONS

The Gd glasses containing Fe are apparently simple fer-
rimagnets with Fe moments opposing the Gd spins as ex-
pected. The (GdgGasgleoBio glass shows a low-
temperature hysteretic phase which disappears when Fe is
added at the level of 10% or 20%. Also, the Fe-free Gd
glass appears to have a relatively high measured anisotro-
py. These data were interpreted in terms of a system with
competing ferromagnetic and spin-glass order, so that the
low-temperature falloff of X, corresponds to a
ferromagnetic—spin-glass transition. The apparent high
anisotropy of (GdgyGa,g)goBio probably results from some
admixture of antiferromagnetic coupling in the overall ex-
change distribution curve. As Fe is added, the average
(ferromagnetic) exchange becomes stronger; one moves
away from the presumed multicritical point and the aniso-
tropy weakens.

The alloys containing the anisotropic rare earths terbi-
um and erbium are more complex. None of these alloys
approached saturation in high magnetic fields and coer-
cive fields developed at low temperatures. It is interesting
that corresponding Tb and Er alloys have qualitatively
quite similar properties as evidenced by ac susceptibility
and the thermal variation of H,. The data seem to sug-
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gest the possibility that (TbgyGasgleoByg is a loosely in-
teracting system of single-domain particles such as that
discussed by Stoner and Wohlfarth.>* As Fe is added to
Tb alloys, discontinuities appear in the initial magnetiza-
tion as well as the major loops. This might be viewed as
evidence suggesting the presence of microdomains as
predicted by Chi and Alben'? or Callen et al.!! However,
as Fe is added the reduced remanence increases, suggest-
ing increased interactions. Within the framework of the
model of Callen et al. the coercive force should decrease,
but H, is also observed to increase as Fe is added. ac sus-
ceptibility data on the x =30 alloys suggest an increased
heterogeneity in these materials. The observed increase of
H,_ in these alloys seems to be consistent with the theory
of Paul*® as with other alloys. However, the choice of pa-
rameters used to calculate H,(0), although not arbitrary,
seems somewhat uncertain and microscopic information
would be useful.

Although alloys with x <30 seem to have a tempera-

ture dependence of H, which is compatible with activa-

tion of coherent rotation processes as discussed by
Gaunt,”! the x =30 alloys exhibit behavior compatible
with activated domain-wall diffusion or nucleation pro-
cesses as discussed by Egami.? Oesterreicher et al.’
have found the form of Eq. (16) to fit well to results on
disordered TbFej sAl; s and amorphous Tby ;,Feq g3. The
values of Vi obtained are reasonably close to the values
reported here for the x =30 alloys.

The law of approach to saturation gave results that fit
fairly well even though the magnetization curves were far
from technical saturation (spin-aligned state). Values of
spontaneous magnetization, even though the true ground
states of the anisotropic glasses are speromagnetic, are
about that expected for a hemisphere of spins (5 gJ /spin).
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This suggests that most spins in moderate fields spin flop
to the upper hemisphere, at which point further alignment
becomes more difficult as spins rotate against the forces
of anisotropy.

In conclusion, it is seen that the x =30 glasses show a
character different from that of glasses with x =0, 10,
and 20. Domain-wall motion or nucleation processes ap-
pear to dominate magnetization reversal for x =30, while
for x =0, 10, and 20 a greater tendency for magnetization
reversal through coherent rotation processes is seen. The
magnetic hardness in these materials is supportive of the
model of Paul for heterogeneous magnetic systems. Evi-
dence for this support is the increased magnetic hardness
in x =30 glasses which show greatly broadened and weak-
ened ac susceptibility peaks and the development of a
second broad peak (indicative of increased heterogeneity).
It would be interesting to investigate the possibility that as
Fe is added, microdomains become larger in volume. This
might explain coherent rotation processes at low Fe con-
tent since a thermally activated rotation on relatively few
spins may easily occur. As the Fe content increases, the
microdomain size could increase to a critical value where
the energetics of spin rotation favor the nucleation of re-
verse domains or domain-wall—motion processes.
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