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Observation of mesoscopic quantum tunneling of the magnetization in systems
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Relaxation of the remanence of the random-magnetic-anisotropy (Gd& „Tb„)2Cu (x 0.2) amor-
phous alloys has been measured between 1.7 and 60 K. The time dependence of remanent magnetization
has been found to closely follow a lnt dependence for the whole series, and the magnetic viscosity S has
been obtained as a function of the temperature and concentration x. The dependence of S with the tem-
perature is linear and shows a nonzero intercept at 0 K for the compounds with concentrations higher
than x =0.2. This indicates the existence of relaxation at zero temperature for these samples and points
to a mesoscopic-scale quantum tunneling in three-dimensional systems with strong random magnetic an-
isotropy. The average tunneling volumes have been determined and they have been found to be of the
order of the short-range ferromagnetically correlated volumes existing in these systems.

I. INTRODUCTION

In a series of recent papers, ' it has been shown that,
under certain circumstances, there is a non-null probabil-
ity of observing macroscopic quantum tunneling (QT) in
different magnetic systems. The effects predicted are the
tunneling of the magnetization for ferromagnetic or anti-
ferromagnetic small particles through the magnetic an-
isotropy energy barrier; quantum nucleation within a
homogeneous region in bulk ferromagnets; and the tun-
neling of pinned domain walls through their pinning en-
ergy barriers. Up to now, several authors have reported
experimental evidence of macroscopic QT in ferromag-
netic and antiferromagnetic small particles, single-
domain particles, bulk ferromagnets, ' magnetic
grains, " and weak random magnets. ' ' Common
features of the studied systems are a high anisotropy
and/or small particle volumes, depending on the kind of
magnetic materials. These conditions lead to a reason-
ably high rate of quantum transitions and to finite cross-
over temperatures from the thermal to the quantum re-
gimes. ' ' ' It should also be noted that for most of
these experimental results, the number of spins involved
in the tunneling event is —(4X10 ) —10, indicative of
mesoscopic, rather than of macroscopic scale, quantum
phenomena. '

In the present work, we report on the observation of
mesoscopic QT for a different kind of magnetic system, in
particular for the amorphous (a-) (Gd, Tb„)2Cu ran-
dom magnetic anisotropy (RMA) magnets, where some of
the conditions favoring macroscopic QT of the magneti-
zation are accomplished. This is so because of the large
anisotropy due to the Tb + ions, which are, indeed, ran-
domly distributed along the sample, as well as due to the
fact that, for strong RMA systems, there exists short-

range ferromagnetic order, over distances similar to the
short-range structural order correlation length R„within
which the local anisotropy easy axes are correlated. ' Be-
cause, in amorphous systems, this length is usually of the
order of several atomic distances, we considered the pos-
sibility of having a system in which the "particle" size
was -R„certainly small, and also comparable to the
size of the small ferromagnetic particles mentioned
above.

Very recently we have investigated the magnetic
behavior of a-(Gdi Tb )zCu compounds. ' ' From
high-field magnetization, low-field ac and dc susceptibili-
ties, and also magnetostriction measurements, we have
concluded that a RMA is present even for very low Tb
contents (x =0.05). Nevertheless it is necessary to raise
Tb concentrations to x ~ 0.2 in order to see the effects of
a strong RMA (e.g., the magnetization is difficult to satu-
rate, there are high coercive fields, etc.). Explicitly, for
high Tb contents, enormous local random anisotropy D
to exchange J energy ratios are reached, e.g. , D/J =8.9
for the a-TbzCu compound. '

The study of the critical behavior allowed us to suggest
the zero-field magnetic-phase diagram shown in Fig. 1,
which is constituted by paramagnetic (P), coherent spin-
glass (CSG) and spin-glass (SG) phases. It is notable that,
under an applied magnetic field, the compounds with
x &0.05 behave as good ferromagnets, and those which
were SG at low temperatures become, in strong enough
fields, ferromagnets with wandering axes, remaining
within an asperomagnetic state after the removal of the
field, due to the positive exchange coupling.

Based on the thermal dependencies of the remanent
magnetization and coercive field for the present systems,
we had already established that there is a change in the
nature of the thermally activated processes governing the
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isothermal remanent magnetization (IRM) without any
memory effects. In fact, the IRM obtained using a field
which closes the up and down branches of the hysteresis
loop should coincide with the thermoremanent magneti-
zation (TRM) reached under such a field. ' The mea-
surements of the time dependence of the magnetization
were performed in the remanent state, obtained after ap-
plying the maximum field of 8 T, and for a measurement
time of 1800 s after the field reached zero, at measuring
intervals of 2 s.

III. RESULTS AND DISCUSSION

0.2 0.4 0.6 0.8 A. Time dependence of the remanent magnetization

FIG. 1. Magnetic-phase diagram for the a-(Gd& Tb„)2Cu
series. CSG is the coherent spin-glass phase, SG the spin-glass
(or speromagnetic) phase, and P the paramagnetic phase.
(0,0) are from the ac low-field susceptibility measurements
(f=325 Hz, Ho = 150 m Oe). ( X ) is from the dc low-field (1.8-

Oe) susceptibility data.

low-temperature magnetic properties. Explicitly, the
concentration x =0.3 separates two regimes: exponential
temperature dependence for x )0.3 and a more complex
algebraic behavior for x &0.3. We will see below that a
change in the time dependence of the remanent magneti-
zation also occurs at around x =0.3. Summarizing, this
paper presents interesting results and conclusions con-
cerning the relaxation of the magnetization in strong
RMA systems, as well as related properties derived from
their low-temperature hysterical behavior.

II. EXPERIMENTAL DETAILS

Starting from argon arc-melted polycrystalline buttons,
amorphous ribbons of (Gd& Tb )zCu were prepared by
melt spinning, their amorphous structure being checked
by x-ray diffraction. The ribbons' thickness was around
40 pm. Magnetization measurements were performed us-
ing a vibrating sample magnetometer (VSM), the magnet-
ic field being provided by a 12-T superconducting
solenoid. The magnetic field was applied in the plane of
the ribbons, the measured sample being made by piling
several ribbons, roughly disposed forming a star, for the
sake of shape anisotropy reduction. The initial magnetic
state of the samples was established by cooling in zero
field from the paramagnetic regime down to the measure-
ment temperatures. First-magnetization isotherms and
their corresponding hysteresis loops were performed us-
ing a maximum applied magnetic field of 8 T, at a con-
stant sweep rate of 200 Oe/s and at temperatures from
1.7 to 60 K. Experiments with a maximum field of 12 T
were performed in order to check for any significant
difference from the remanence and coercive field values
as obtained for the maximum field of 8 T. However, the
hysteresis loops fully close around or below this field,
with no differences being observed at all. This means
that the 8-T field was high enough to polarize the atomic
moments and then to produce, after its suppression, an
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FIG. 2. Coercive field of the amorphous (Gd& Tb )2Cu
compounds. The lines are exponential fits for the x = 1, 0.8, 0.6,
and 0.4 alloys, and a fit to a kinks activation law for the ~ =0.2
compound (see text and Ref. 20 for details).

The time dependence of the magnetization was mea-
sured for samples with Tb concentrations of x =1, 0.8,
0.6, and 0.2, at temperatures below 60 K. From the
magnetic-phase diagram shown in Fig. 1, obtained from
dc low-field magnetization and ac initial magnetic suscep-
tibility measurements, it is apparent that all the present
measurements were performed within the SG or
speromagnetic phase. Therefore, after removing the
magnetizing 8-T field, we will have an asperomagnetic
remanent state, with the magnetic moments of the R
ions directed within a hemisphere. In this situation, the
demagnetizing field is the only one acting upon the sam-
ple, and the magnetization will start to change with time,
due to the reversal of those magnetic moments directed
opposite to the demagnetizing field. Notice, however,
that decay of the magnetization, either by thermal activa-
tion or QT, will take place, indeed, even in the absence of
any applied magnetic field. The estimated values for the
demagnetizing field range between 100 and 500 Oe, de-
pending on the samples, for which typical dimensions are
6 X 5 X0. 1 mm . As can be seen in Fig. 2, the coercive
field at low temperatures is quite high compared with the
internal demagnetizing field at remanence, and therefore
the magnetization changes, resulting from the decay of
the system metastable states at these low temperatures,
are necessarily very weak, typically smaller than 10
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1=—
I exp[ —akii T ln(t /r, )] I

—ak TB

0! 7a
(2)

the above-mentioned work. However, we tried fittings
using the stretched exponential function and the algebra-
ic relaxation laws. Attempts to analyze our relaxation
data with the stretched exponential law gave significantly
less accurate fits than those obtained with the logarithmic
law, but fits of similar quality, even slightly better at high
temperatures, were obtained with the t ~ law. This can
easily be understood because of the formal equivalence of
the logarithmic and algebraic laws at low temperatures.
Thus, if we consider a probabi1ity distribution of energy
barriers such as P(E, ) ~ exp( aE, ),—and a decay for the
metastable states induced by thermal activation with an
Arrhenius distribution of relaxation times, i.e.,77 e'xp(E, /kii T ), then the remanent magnetization
wi11 vary with time in the form

M„(t) ~ J, P(E, )dE,
B a

demagnetization factor of the sample.
To summarize, from the above discussion it is apparent

that the thermal dependence of the magnetization relaxa-
tion can be adequately described through the temperature
dependence of the magnetic viscosity S.

B. Thermal variation of the magnetic viscosity
and 0-K viscosity

In Figs. 5(a) and 5(b) and 6(a) and 6(b), we show, for
the four studied compounds, the therma1 dependencies of
S and P, respectively obtained from logarithmic and alge-
braic law fittings of the M„(t) experimental data. As ex-
pected from the theory outlined above, P and S should
coincide at the lowest temperatures. The magnetic
viscosity S increases linearly with T, within the tempera-
ture range of measurement, but only at the lower temper-
atures [Fig. 6(b)] for the x =0.2 compound. The thermal
dependence of the P exponent has linear and quadratic
variations, depending on the temperature range. This
later /3(T) behavior leads to a temperature dependence
for the coefficient a(T), in the exponential probability
distribution of energy barriers used in deriving Eq. (2).

160

E, )ks T ln(t /r, ) =20—30k& T (3)

contribute to the remanent magnetization. The loga-
rithmic law follows straight away from Eq. (2), provided
that the P exponent ( =akii T) is small. Thus for low T,
we have

the latter expression being valid only for measuring times
t &&7„which is our experimental situation, where t
ranges between 10 and 10" s, and 7, is of the order of the
spin-lattice relaxation time, i.e., —10 ' —10 " s. The
algebraic law (2) reflects the fact that only the metastable
states with energies
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A calculation of M„(t) as was done in (2), but now using
for P(E, ) a flat-topped distribution of width
bE, =E, '" E, '", gives th—e same expression as Eq. (4),
with S=2M, k~ T/AE„where M, is the saturation mag-
netization. Therefore, for thermally activated relaxation
processes, and assuming the above distributions of barrier
heights, we should expect a linear dependence with tem-
perature for the magnetic viscosity, S, and consequently
for the P exponent at low T.

In the previous discussion, we have assumed two
specific probability distributions of energy barriers but, in
general, the function P(E, ) is unknown. It is worth men-
tioning that, even for a distribution P(E, ) having ups
and downs, the magnetization will be a smooth and de-
creasing function of k&T 1 (tn/ )r, and for low T it will
follow a logarithmic law for a wide time range. Howev-
er, irrespective of the form of P(E, ), a magnetic viscosity
S can always be defined through a law such as
M(t) = A Sf(t/r, ), where S i—s a temperature-
dependent parameter which also depends upon the point
of measurement on the magnetization curve and upon the
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FIG. 5. Temperature dependences of the magnetic viscosity
S and exponent P of the logarithmic and algebraic magnetiza-
tion decay laws [expressions (1) and (2), respectivelyj, obtained
from fits of the experimental data shown in Fig. (3): (a) a-Tb&Cu
and (b) a-(Cxdo 2Tbo g)2Cu. The lines are linear and second-order
polynomial fits for S and 2M, P, respectively. The line in the in-
set of (a) is a guide for the eye.
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This is not unlikely, since o, is related to the details of the
distribution P(E, ), e.g. , with maximum and minimum
values of the barrier heights, and these can, indeed, vary
with T through the short-range ferromagnetic correlation
length (see Sec. III B 1 for details). Nevertheless, keeping
in mind that we are mostly interested in the low-
temperature regime, where both parameters S and f3 coin-
cide, in the next sections we will focus our attention only
on the S parameter.

I. Quantum tunneling of the magnetization

The most striking feature of the S(T) variation is the
nonzero intercept at 0 K, reached from extrapolation at
1.7 K. The decay of the metastable states of the magneti-
zation would have a null probability at zero temperature
if thermal activation were the only driving process, and
assuming that P(E, ) is a regular function such as the
Aat-topped or the exponential functions described in Sec.
III A. Note, however, that an energy barrier distribution
P(E, ) with a very high probability of vanishingly small
energy barriers could lead to a considerable contribution
to the magnetization decay through decay processes with
large relaxation times (comparable to the measured ones).
These processes would be thermally activated at low tem-
peratures, due to the smallness of the energy barriers and,
hence, the magnetization decay at low T could be due
mostly to the thermal activation. Nevertheless, due to
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FIG. 6. (a) Same as Fig. 5(a) for a-(G'do 4Tbo 6)pCu, obtained
from the experimental data shown in Fig. 4(a). (b) The same as
(a) for a-(Gdo, Tbo 2),Cu from the experimental data of Fig. 4(b).
In (b) the lines are guides for the eye.

the amorphous character of our samples, we can reason-
ably discard the possibility of having such a nonregular
probability distribution of energy barriers in our systems.
In fact, we can assume that the distribution of energy
barriers is mostly due to the distribution of activation
volumes, v. As we shall see below, these volumes depend
on the short-range ferromagnetic correlation length that,
in turn, depends on the structural correlation length R, .
So, P(E, ) would be closely related to the probability dis-
tribution of structural correlation lengths. In an amor-
phous sample, this distribution is expected to be a regular
function varying between minimum and maximum values
of R, and, therefore, we will not have a diverging func-
tion P(E, ) for vanishingly small E, . Rather, it will be
like a Aat distribution, as assumed in Sec. III A.

Consequently, the experimentally observed low-
temperature relaxation, in agreement with the current
theories, points to a quantum tunneling of the magnetiza-
tion, which contributes for x =1.0, 0.8, and 0.6 to the
decay of remanence in the present RMA systems
a-(Gd, Tb )2Cu. In the case of the a-Tb2Cu sample
[see the inset in Fig. 5(a)], a tendency toward a
temperature-dependent behavior of S is observed below
=4K. This result is consistent with the existence of a
quantum process with a temperature-independent tunnel-
ing rate.

The crossover temperature T& between the thermal
and quantum regimes is defined in terms of the probabili-
ty for magnetization reversal, which is
P ~ exp( E, /k~ T )

—for high temperatures, where
thermal activation dominates, and becomes
P ~exp( E, /ksT&)—at low temperatures. ' This cross-
over temperature has been calculated for QT in quite
different types of magnetic systems, e.g. , single-domain
ferromagnetic and antiferromagnetic particles, ' for nu-
cleation of reversed domains in ferromagnets, in QT of
domain walls, '" and (most relevant for us) in RMA sys-
tems. For the latter,

1/2
Pa KT (5)

where K is the local anisotropy constant for the "parti-
cle" involved in the tunneling process, and g the magnet-
ic susceptibility. We can estimate K from the field neces-
sary to close the up and down branches of the hysteresis
loop HI„using the well-known result

Hh=' (6)
S

For a-Tb2Cu at 1.7 K, Hh = 8 X 10 Oe and M, = 1280
emu/cm; thus from Eq. (6) we obtain K =5. 1 X 10
erg/cm . A different estimate of K can be made using the
single-ion RMA crystal-field strength for a-Tb2Cu, i.e.,
D=5.5 K the corresponding local atomic anisotropy
constant, obtained from different models, ' is
D /J =49 K (as stated above, the ratio D /J for this sys-
tem is 8.9). As we shall see below, the number of Tb +

ions involved in a magnetization reversal single process at
low temperatures is %=54 in a-Tb2Cu; now, using the
random-walk argument, we can evaluate the anisotropy
energy for a cluster of N atoms as IC, = (D /J)&N =360
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K. So the corresponding volume anisotropy constant is
K=5.6X10 erg/cm, quite close to the value obtained
using Eq. (6).

Substituting into Eq. (5) the value obtained for K and
the low-temperature differential susceptibility at
remanence, y = 1.7 X 10 emu/Oe cm, we obtain
T& =3.7 K. The estimated crossover temperature is rela-
tively large, certainly due to the high magnetocrystalline
anisotropy introduced by the Tb + ions, and to the low
magnetic differential susceptibility occurring in strong
RMA systems, On the other hand, the value of T& de-
rived from (5) agrees reasonably well with the experimen-
tal result [see Fig. 5(a)], which indicates a noticeable con-
tribution from the QT process to the rate of decay of the
magnetization in a-Tb2Cu. In Table I, we summarize, for
all the studied compounds, the values of T& calculated in
the above-mentioned manner. Thus it is apparent that
for high Gd contents, the QT regime starts at tempera-
tures —1 K, i.e., below our lowest measurement tempera-
ture 1.7 K.

2. Thermal fluctuation /geld and activation volumes

In order to evaluate the average volume v of the entity,
or "particle, " which tunnels, we can first give a rough es-
timate of its order of magnitude using expression (3) for
the average activation energy at the relaxation time scale,
i.e.,

E =—30k~ T=Ev, (7)

where K is the above-considered unit volume anisotropy
constant. In (7), we have neglected the influence of the
magnetic field on lowering the height Kv of the energy
barrier. The efFect of the applied field appears in (7) as a
multiplying factor of the form e =g(1 H/H„), wher—e
H„ is the anisotropy field and g is a function which de-
pends on the magnetic system and the experimental con-
ditions [see, e.g. , Ref. 37]. In our case, the field at
remanence is nearly null, and always negligible compared
with the coercive or anisotropy fields. We thus have
e -=g(1)=1. Now, from E . (7), using K=5. 1X10
erg/cm, we obtain v=320 A at T=4 K. This volume
contains about 20 Tb atoms and is only a lower limit of
the actual value, as we shall see below when performing a
more realistic estimate.

The magnetic viscosity defined in (1),
S= dM—/d(lnt), is a magnitude which depends on the
probability distribution of energy barriers in the form
S=2M,P(E, )dE, /d(lnt)=2M, P(E, )ktiT [see Eqs. (2)
and (3)], and also on the experimental conditions as
pointed out above. Therefore, the effects of thermal ac-
tivation are more precisely described in terms of the Neel
Auctuation field, Hf, often referred as the coefficient of
magnetic viscosity, S, ' ' and defined as

S
Hf

birr
(8)

where g;„ is the irreversible susceptibility. Since
g;„=2M,P(E, )(BE,/BH ) T, the thermal fluctuation
field Hf does not depend on the details of P(E, ) nor on
the sample and experimental peculiarities [see Eq. (9)
below]. Hf is, thus, a more intrinsic parameter than S in
characterizing the relaxation processes. Substituting the
above expressions for S and y;„ in (8), we can express Hf
in terms of the field derivative of the energy barrier,

k, T

(BE./BH), ' (9)

where the functional form of (BE, /BH ) T depends on the
mechanism of magnetization reversal. Now the meaning
of Hf is transparent.

From Eq. (8), we have determined the values of Hf ( T),
using the values of S( T) (Figs. 5 and 6) and the tempera-
ture dependence of y;„at remanence, obtained from the
hysteresis loops [Figs. 7(a) and 7(b) and 8(a) and 8(b)] for
the a-(Gd, „Tb )2Cu compounds. The magnitudes of
Hf are quite large, corresponding to the high coercive
field values for these compounds according to the Barbier
plot "in which our experimental points for Hf and H, fit

satisfactorily for x )0.2, extending also the range of the
plot (see Fig. 9). Note that the agreement in the Barbier
plot, which is a rather general result, gives additional
support to the values of the activation volumes obtained
through Eq. (11). The temperature dependence of Hf for
the studied samples is shown in Fig. 10, and the inset en-
larged, displays the low-temperature range. The
"thermal" Auctuation field Hf has non-null zero-
temperature-extrapolated values for the compounds with
concentrations x )0.2, which account for the above-

TABLE I. Estimated crossover temperatures [from Eq. (5)] between the thermal and quantum re-
gimes, T&. Characteristic temperatures for the thermal variation of the remanent magnetization, TM,
of the coercive field TH, and of the activation volume T . Temperatures below which the magnetiza-
tion jumps start to appear in the hysteresis loops, T, Widths of the Hat-topped distribution of energy
barriers, AE„related to the logarithmic time dependence of the remanent magnetization. Activation

0
volumes at 1.7 K, v& 7, in A, and the corresponding number of Tb + ions involved. [(—): not deter-
mined].

Tg(&) T~(&) TH(&) T (&) &j (&) ~E (&) vl 7 (A')

1.0
0.8
0.6
0.4
0.2

3.7
3.4
3.0

8.7
11.0
12.0
9.8
4.2

31.9
38.3
49.4
40.6
25.0

10.7
11.7
14.7

8.0

2.5
5.0
7.5
6.5
1.7

1037
1427
1574

407

895
1347
1741

1130

54
65
63

14
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Substitution of (9) into (10) gives the well-known ex-
pression, ' adapted to our case, for the activation
volume in terms of experimentally accessible variables:

k, T
(11)

f s

We have obtained the activation volume and its
thermal dependence by substituting into (11) the values of
the thermal fluctuation field calculated as
Hf ( T)= [S(T)—S(0)j/y;„( T). Note that from our mag-
netization measurements we know that, below -50 K,
M, has little temperature variation and therefore it is the
derivative (BE,/BH)T=k+T/Hf(T) which mainly ac-
counts for the thermal dependence of v. The subtraction
of the zero intercept S(0) has been performed in order to
isolate the thermal contribution to the magnetization de-
cay, since the theory outlined above deals with thermally
activated processes and we have ascribed S(0) to the QT
process.

The temperature dependence of the activation volume
for the studied samples is shown in Fig. 11. The volume

v varies very little below —10 K, and then increases quite
rapidly with temperature. Its temperature variation fol-
lows a exponential dependence, i.e., v —exp(T/T ), with
a characteristic temperature T, reported in Table I. The
sizes of v at the lowest temperature of 1.7 K vary be-
tween -900 (for x=1) and —1700 A (for x=0.6),
which contain approximately between 54 (for x = 1) and
65 (for x=0.8) Tb ions (see Table I). Now it is in-
teresting to compare these low-temperature activation
volumes with the ferromagnetic correlation length ex-
pected for our RMA systems, if the relaxation of the
magnetization is due to the reversal of correlated ion
clusters.

From the determined x-ray-di(T'raction patterns (scat-
tered intensity vs 20 Bragg angle), we have estimated the
mean extension of the regions producing coherent
scattering. Their size L is approximately 2R„ i.e., twice
the short-range structural order correlation length. The
position and width of the first diffraction peak gives a
nearest-neighbor distance of a =3.7 A for the a-Tb2Cu
sample, in good agreement with the more refined value of
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3.5 A obtained using neutron-diffraction techniques,
and a value of L =9. 1 A. The value of R, then becomes
4.5 A=1.2a. This means that the local easy axes are
correlated only up to the first neighbors. In strong RMA
systems, such as our case at low temperatures [i.e., at the
SG regime (see Fig. 1)], the ferromagnetic correlation
length naturally is Rf -R, (Ref. 15). Magnetic neutron-
diffraction experiments performed in a-Tb Cu& al-

loys, at temperatures from 1.4 to 8 K, finely confirm this
point. Thus for x ~ 0.3, it has been found that nearly fer-
romagnetic order exists only up to the first neighbors (3-
A scale), although there remains some magnetic correla-
tion up to the first three shells of neighbors (10-A scale).

0

These results give strong support to the size, —1500 A,
of the activation volume found at low temperatures: v
encompasses the Tb + ions which are within the fer-
romagnetic correlation length Rf, i.e., within the first
three shells of neighbors. As anticipated, this small "par-
ticle" volume favors the probability for QT. This fact,
combined with the increase of the crossover temperature
T&, due to the strong anisotropy associated with the
Tb + ions, makes the observation of quantum effects in
our systems easier.

It is reasonable to assume that the low-temperature ac-
tivation volumes, as deduced from the expressions for
thermally activated processes, are the same volumes in-
volved in the QT processes. Relaxation of the magnetiza-
tion in other strong RMA systems has been studied in the
past, e.g. , in a-TbAg, a-TbFe2, a-DyCu, and a-

R4OY23Cu37 In the first two systems, thermally ac-
0 3tivated volumes of 1000 and 520 A, respectively, have

been estimated, but no evidence of QT has been reported
at all. From the temperature independence of a fast re-
laxation observed in a-DyCu (and also in the a-
R40 Y23Cu37 systems ), Coey, McCxuire, and Tissier
suggested that QT might occur, but no estimate of the
tunneling volume nor quantitative information was ob-
tained. A stronger evidence for QT in two-dimensional
(2D) RMA systems has been given by Zhang et al. ,

' par-
ticularly for SmCo multilayers, but, to our knowledge,
this is the first time in which the activation volume in QT
magnetization processes has been directly associated with
the magnetic correlation length in strong RMA systems.

C. Concentration dependence of the relaxation
characteristic temperatures, and other parameters

In an attempt to summarize the different relaxation
magnitudes obtained, and to relate them to the Tb con-
centration, we have plotted in Fig. 12, normalized to
their maximum values, the following temperatures and
relevant parameters.

(i) TM is the characteristic temperature for the thermal
variation of the remanent magnetization at t =0. The
values have been obtained from the fits of M„(t) to ex-
ponential functions for x =0.4, 0.6, 0.8, and 1, and to an
expression obtained for the thermal activation of narrow
domain walls by formation of cylindrical "kinks" in
strongly anisotropic materials, ' for x =0.2.

(ii) TH is the characteristic temperature for the thermal
variation of the coercive field at t =0, using the same pro-
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FIG. 12. Concentration dependence of normalized relaxation
characteristic temperatures and other relevant parameters (see
Sec. III C for definitions and Table I for absolute values). (0,
T~', &, TH', 0, T,;, TJ; +, b,E, ; X, v& 7). Dashed lines are
guides for the eye. The extrapolated 0 K values of the Auctua-
tion field Hf (see Fig. 10) are also shown in the figure using (~ )

symbols and the right-axis values.

cedures as for the TM obtainment (see Fig. 2).
(iii) T, is the characteristic temperature for the

thermal variation of the activation volume, using pure
phenomenological temperature exponential fits (see Fig.
11).

(iv) TJ is the temperature below which magnetization
switching is observed in the hysteresis loops, by means of
abrupt jumps between +M, and —M, (see Figs. 7 and 8).

(v) hE, is the width of the flat-topped distribution
P(E, ) of energy barriers obtained from the slope of the
S(T) lines (see Figs. 5 and 6). This estimate of bE„ob-
tained on the basis of a very simple assumption, gives the
correct order of magnitude for the activation energies ob-
tained for volumes containing —100 Tb atoms.

(vi) vi 7 is the activation volume at the lowest measure-
ment temperature 1.7 K.

The actual values are given in Table I. In Fig. 12, it is
clear that all the above magnitudes have similar concen-
tration dependencies, all of them having their maximum
values at x =0.6. This similar dependence among the
different relaxation representative parameters is not at all
surprising, because they are magnitudes directly related
to the thermal activation process, as is obvious for AE„
or else represent processes connected with thermal ac-
tivation. k~T~ and k~T~ represent activation energies
for thermally activated processes, which certainly
inhuence the temperature dependence of both the
remanent magnetization and the coercive field [it should
be noted, however, that M„(T) and H, (T) also depend on
the thermal variation of anisotropy and exchange ener-
gies]. The average activation volume v, 7 is also related
to the average activation energy [see Eq. (7)]. Thus, from
Fig. 12, we can say that the variation of the energy bar-
rier with x is partially due to the variation of v with the
Tb concentration. As we pointed out above, the activa-
tion volume is of the order of Rf, so that if Rf -R„we
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can ascribe the volume variation to a variation of the
structural correlation length with x. This is very likely to
happen, because a reduction in v& 7 by half needs only a
reduction in R, by a factor of 0.8. Thus a change in R,
from 1.2a (the value estimated for x = 1) to 1.5a accounts
for the activation volume observed in the x =0.6 com-
pound. As for the T and T concentration dependen-
cies, we have not arrived at a plausible explanation, but
imagine that k~ T and k~ T~ are also connected with the
activation energies of volumes varying with x as v& 7 does.

From substitution of v, 7 into Eq. (7), and considering
that E, =b,E, /2 for the flat-topped distribution of ener-

gy barriers, we have estimated the concentration depen-
dence of the anisotropy constant K at the lowest tempera-
ture of 1.7 K. The obtained values, which are plotted in
Fig. 13, show an approximately linear decrease with x,
indicating a single-ion anisotropy for these systems, as
has been also shown by magnetostriction measure-
ments. ' Moreover, the values of E at 1.7 K, obtained by
means of Eq. (6), are also shown in Fig. 13. It can be seen
that, although both estimates exhibit a similar x variation
and give the same order of magnitude, the absolute values
of K obtained from Eq. (7) are between 48% and 96%
higher than those obtained from Eq. (6). This discrepan-
cy probably arises from the simple assumptions of a
squared distribution for P(E, ) and a mean activation en-

ergy E, =bE, /2.
Using the already employed random-walk argument

for the a-Tb2Cu compound (see Sec. III B 1), we have ob-
tained values of K at 1.7 K for the remainder of the sam-
ples. Values of D=5. 5 K and J=0.61 K (Ref. 18) for
the pure a-Tb2Cu compound, separately obtained using a
magnetoelastic model for magnetostriction in strong
RMA systems, have either been kept constant at
D =5. 5 K along the series or varied as a function of the
concentration, J(x). The x dependence of J has been ob-
tained using the known value of J(1)=0.61 K and the

concentration dependence of the determined paramagnet-
ic Curie temperatures, in the form J(x)=J(0)(l —0.5x ).
In Fig. 13, we show the values of K obtained via this
random-walk argument. In this case, the absolute values
are closer to those obtained using Eq. (6), but the detailed
concentration dependence does not agree. This can be
due to a nonconstant crystal-field strength D along the
series. The variation D(x) needed in order to account for
this difference is also given in Fig. 13. As can be seen, the
values of D vary between —5. 3 and —7.2 K, which nev-
ertheless constitutes a small variation with the Tb con-
tent, indicative of a single-ion origin for the RMA. Note
that some uncertainty in the closing field Hs in Eq. (6)
could reduce even further the estimated variation of D
with the Tb content.

In Fig. 12, we also show the extrapolated zero-
temperature intercepts of the fluctuation field, H&(0).
The value of H&(0) should be directly connected with the
probability of QT, i.e. , P ~exp( E, /k~—T&), which, us-
ing Eqs. (5) and (7), transforms to P ~ exp( —vv'yK /pz ).
If we introduce the K values deduced from (6) into this
expression, along with the values of g at remanence, and
assume v=v, 7, the result is that, at 1.7 K, P in fact in-
creases with x, as the experimental results show. Howev-
er, for x ( 1, the calculated QT probability relative to the
maximum reached at x = 1 is negligible, against the sub-
stantial values observed for H&(0) when x (1. Since the
QT probability depends exponentially on the constitutive
parameters v, g, and K, it is likely that small variations of
these parameters along the series could explain the strong
concentration dependence of P, and hence the values of
H&(0). Clearly this point needs further work and
clarification, e.g. , measurements in the range of the mK,
to reach more accurate values of H&(0).

IV. CONCLUSIONS

From the time dependence of remanent magnetization
measurements, we have studied the magnetic viscosity of
the series of strong RMA systems a-(Gd

&
Tb )2Cu. We

have found that a non-null magnetization decay occurs
when extrapolated at 0 K for the magnetic viscosity 5 or
the fIuctuation field H&, pointing to a significant mesos-
copic quantum tunneling of the magnetization at low
temperatures for Tb concentrations higher than x =0.2.
For the pure compound a-Tb2Cu, the experimental re-
sults suggest a crossover temperature T& from the quan-
tum to thermal regimes of -4 K, in reasonably good
agreement with the value of 3.7 K calculated from
theory. Using the thermal fiuctuation field, we have ob-
tained the average activation volumes v involved in a sin-
gle tunneling event, finding v-900 —1700 A along the
series. These volumes encompass —54—65 Tb + ions.
This result is consistent with the number of ferromagneti-
cally correlated magnetic moments, independently deter-
mined by x-ray- and neutron-diffraction techniques.
Moreover, the concentration dependence of the different
characteristic temperatures and relevant parameters in-
volved in the magnetization relaxation processes (see Sec.
III C and Table I) has been explained in terms of the
structural correlation length. We have also given
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different estimates for the concentration dependence of
the anisotropy constant, K, obtaining an approximately
linear decrease of E with x, which signals a single-ion
character for the anisotropy in the present series. From
the random-walk argument, we have also obtained that
the variation of the crystal-field strength D along the
series is small, corresponding to a local single-ion anisot-
ropy associated to the randomly distributed Tb + ions.

Although measurements in the IK range would be
desirable, we believe that the results presented in this
work constitute the first observation of mesoscopic quan-
tum tunneling of the magnetization in systems having

strong single-ion random magnetic anisotropy and short-
range ferromagnetic order.
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