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Rare-earth-rich metallic glasses. II. Magnetic viscosity
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(Received 7 July 1980)

Magnetic viscosity measurements on amorphous Tb75Au25 and (Er65Fe3~)90Bto alloys are

presented in the tergperature range of 1,3 to 30 K. The magnetization in a steady magnetic field

is found to follow a logarithmic time dependence for times up to 400 s suggesting a spectrum of
activation energies. The magnetic viscosity parameters were used to investigate the temperature
dep:. .'~dence of the observed large coercive fields and to study intrinsic temperature and thermal

activation effects. It is found that the large change of the coercive field at very low tempera-

tures is mainly due to thermal activation of domains over the energy barriers.

I. INTRODUCTION

If the magnetic field applied to a ferromagnetic ma-

terial is suddenly increased or decreased, the magnet-
ization does not acquire its equilibrium value instan-

taneously but continues to change as sho~n in Fig. I.
For the majority of materials the magnetization M is

found to vary with the time t according to

where S is the magnetic aftereffect coefficient. The
magnitude and the change of the magnetization is too
large to be accounted for by eddy currents and is due
to thermal activation of domains or domain walls

over the free energy barriers.

Street and %ooley' were the first to derive the log-
arithmic time dependence of the magnetization.
They showed that 5 is given by

5 =kBTx;„ dF.

where F is the activation energy for an energy barrier
H the magnetic field, and X;„ the irreversible suscepti-
bility (8M/dH) at the field where S is measured.
Gaunt has shown2 that in the absence of intrinsic
temperature variation of the activation energy F., the
following relation is obeyed

= 28.5kB
dHt.

where H, , is the coercive field. Thus by measuring S,
X;„and H, . over a range of temperatures it is possible
to investigate the validity of Eq. (3) and to separate
thermal activation and intrinsic temperature contribu-
tions to the coercive field H,

Recently Boucher and Barbara' have observed
strong magnetic aftereffects in amorphous Tb-Al al-
loys prepared by sputtering. However no attempt was
made to relate these measurements with the other
measured magnetic properties. The work reported
here is based on the amorphous rare-earth alloys
Tb75Au$5 and (Er65Fe35) 908to and was carried out to
determine the role of thermal activation in the tem-
perature dependence of the observed high coercive
fields. 4 5

II ~ EXPERIMENTAL

FIG. 1. Variation of magnetization with time {a) after the
instantaneous application of a magnetic field (b).

The experimental techniques for sample prepara-
tion and for the magnetization measurements have
been described elsewhere. Magnetic viscosity has
been measured in the following way: At a given tem-
perature the sample was subjected to fields up to 80
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FIG. 2. (a) Output trace from an x-y recorder showering the
time dependence of magnetization after the reversed field
was increased to a chosen stable value. (b) Change in mag-
netization as a function of time (time in logarithmic scale).

kOe. The applied field was then reduced to zero
slowly with a sweep rate of 60 Oe/s and then was in-
verted. The reversed field was increased to a chosen
stable value and the subsequent change in magnetiza-
tion with time was noted by feeding the output signal
to an x-y recorder giving an output trace as sho~n in
Fig. 2(a). These traces were examined at different
magnetic fields and for different temperatures. The
plot of hM (change in magnetization) against in

(time) shows a linear relationship up to 400 s [Fig.
2(b) j. The slope of this curve gives the magnetic
aftereffect coefficient S.
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FIG. 3. Aftereffect coefficient S and irreversible suscepti-
bility X;, as a function of reversed field in T175Au25 at 4.2 K.
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FIG. 4. Temperature dependence of magnetic aftereffect
coefficient S,„.

III. RESULTS
I I
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The magnetic aftereffect coefficient was found to

increase with the reversed field H and peaks around
the coercive field H, (Fig. 3). This behavior closely
resembles the field dependence of the irreversible
susceptibility X;, (Fig. 3). The maximum values of S
and X;„S,„and X„", respectively, reflect the behavior

FIG. 6. Magnetization jumps during a viscosity measure-
ment in (Er65Fe35)908]0 at 1.3 K.
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of the most numerous energy barriers and are used
for the subsequent analysis of the measurements.
Figure 4 shows the temperature variation of S„,. At
absolute zero the coefficient seems to extrapolate to
zero as expected since there is no activation. The ir-

reversible susceptibility was found to be temperature
independent in the temperature range covered.
Viscosity measurements were made only up to about
30 K because the coercive fields and magnetization
values became'small above that temperature; the or-
dering temperatures of the Er and Tb glasses are 16
and 85 K, respectively. Values of (BE/BH) r were
found using Eq. (2) and they are listed on Table I.
The temperature dependence of the coercive fields is
shown on Fig. 5.

In (Er65Fe35)9QB/Q large magnetization jumps were
observed at 1.3 K (Fig 6). However after the mag-
netization jump the change in magnetization with

time (in a constant field) is almost negligible.

IV. DISCUSSION
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FIG. 5. Temperature dependence of coercive field H, . with

the theoretical predictions of Gaunt's (dashed-line) and

Egami's (dotted-curve) models.

The probability of a domain overcoming an energy
barrier of height F. is given by the mean waiting
time, v,

-Z/k r
v '=Ce (4)

where C is a constant often taken as exp(25) Hz. 6

For a static experiment from 1 to 1000 s, energy bar-
riers whose heights are between 25 and 31.9k&T will

contribute to the magnetic aftereffect during this time
interval. The ln (time) dependence of the magneti-
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In the Tb glass the coercivity at 1.3 K is found to
be lower than the value at 4.2 K. However this may
be an artifact since the hysteresis loop at this tem-
perature showed several magnetization jumps which
were not symmetrical, thus causing difficulties in

determining H, An explanation of the magnetiza-
tion jumps was given elsewhere. 9 After the jump the
magnetization in a constant field does not vary with

time (Fig. 6). This is because most of the energy
barriers have been overcome. Higher fields are re-
quired to overcome more barriers and cause the mag-
netization to follow the usual ln (time) dependence.

Further analysis of the magnetic aftereffect mea-
surements is not possible without considering a
model. If one assumes that the magnetization rever-
sal takes place by domain-wall motion and that the
interaction of the domain wall with the inhomo-
geneities is represented by the interaction energy
V(x) then the total energy E, in a field H can be
written

E, = V(x) 2HMAx— (7)
where M is the magnetization per unit volume, A is

the area of the domain wall associated with the inho-
mogeneity, and x is the domain-wall displacement.
The values +xo of the minimum and maximum en-

ergy E, can be found by minimizing Etl. (7).

$F( —2HMA =0
Qx

If the interaction energy V(x) is an odd function
of position x plus a constant, then the energy barrier
is given by, "

E=E,(+xp) —E, (—xp) =2E,(xp) (9

But 2Axo is the activation volume V where 2xo is the
distance the domain wall jumped due to thermal ac-
tivation of an area A of the wall.

At 4.2 K the activation volume V is found to be
560 and 2000 A' for the Tb (M =2460 emu/cm')
and Er (M =1370 emu/cm3) glass, respectively. The
value of V for the Tb glass is comparable with the
value determined from the coercive field measure-
ments using Gaunt's model' and with the value re-
ported by Rhyne et a/. " for TbFe2, indicating a range
of magnetization reversal of a few atomic distances.

V. CONCLUSION

The large coercive fields which developed at low

temperatures in the non-5-state rare-earth amorphous
alloys were discussed in terms of recently proposed
models of local random anistropy. Strong magnetic
aftereffects appear at liquid-helium temperatures sug-

gesting that the temperature dependence of the coer-
cive field is due to thermal activation processes.
Magnetization reversal is found to occur in domains
of a few atomic distances. The disappearance of hys-
teresis and magnetic aftereffects well below the or-
dering temperature indicates the absence of domains
above this temperature. Ho~ever a more precise
knowledge of the true magnetic structure is required
for a model which can explain the large coercive
fields and be consistent with the magnetic viscosity
measurements.
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