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Quantum relaxation in the low-temperature magnetic susceptibility
of the amorphous alloya-Tb2Fe
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The ac magnetic susceptibility of melt spun ribbons of the strong-random magnetic-anisotropy amorphous
alloy a-Tb2Fe has been measured from room temperature down to 0.10 K. In the temperature region 4,T
,300 K the system behaves as a random anisotropy sperimagnet, with freezing temperatureTf5160 K.
In-phasex8 and out-of-phasex9 components of the susceptibility deviate from the classical linear temperature
dependence to a temperature-independent value below a crossover temperatureTQ'3 K. The low-temperature
‘‘plateau’’ behavior supports the existence of magnetic quantum tunneling relaxation. The tunneling entities
are spin drops which comprise an average numbern'11 spins.
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I. INTRODUCTION

Amorphous alloysR12xFex of rare earths~R! and iron
have been characterized as systems with random mag
anisotropy ~RMA!.1 Quantum tunneling of magnetizatio
~QTM! processes have been reported to occur both in we2

and strong3 RMA systems. In those works it was found th
magnetic viscosity becomes temperature independent b
a crossover temperatureTQ . On the other hand, attempts
observe the crossover behavior in amorphous system
means of a different experimental technique, such as m
netic susceptibility, have been unsuccessful.4

The a-Tb2Fe alloy is a good candidate in which QTM
might be observable by means of magnetic susceptibility
periments since the crossover found atTQ ~'8 K! in mag-
netic viscosity measurements is the highest found up to
in a RMA magnet, to our knowledge.5 Our aim has been to
check whether the crossover would also be observed wit
magnetic susceptibility, and, if positive, which were the ma
differences in behavior with respect to the magnetic visco
data. We have extended our magnetic measurements dow
0.10 K to ascertain any crossover in its temperature dep
dence. We have observed that the real and imaginary c
ponents of the ac susceptibility,x8 andx9, become tempera
ture independent belowTQ'3 – 4 K, and consider this to
provide further support for the existence of QTM in th
compound.

If R is nonmagnetic, such asR5Y, no magnetic momen
is present in Fe below a certain critical value,xc50.4.6,7

Indeed, the alloya-Y2Fe is below this threshold and has n
moment if no strong field is applied.8 In contrast, ina-Tb2Fe
the Fe atoms do have a nonzero moment, thus theR-T in-
teraction is capable of polarizing the 3d band of Fe.1 Below
the freezing temperatureTf and for predominant ferromag
netic interactionsJ.0, the ratio (D/J) determines the mag
netic ground state of the amorphous material, whereD stands
for the RMA crystal-field strength andJ is the main ex-
change interaction between the Tb13 atoms.1 For weak
RMA, D/J,1, the average magnetization vector rota
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smoothly along the sample so that the magnetic moments
correlated at relatively long distances. If we are in the stro
RMA regime,D/J.1, magnetic moments lie along the re
spective local easy directions; therefore, the ferromagn
correlation length is limited at most to the short-range str
tural correlation length.9 In particular, fora-Tb2Fe the values
J/kB51.53 K andD/kB58 K were determined from the fi
of the magnetization and anisotropic magnetostriction th
mal dependences, thusD/J55.2.1. SinceD/J.1 and the
R-T interaction is antiferromagnetic, then thea-Tb2Fe sys-
tem is a sperimagnet.10

The organization of our paper is as follows: first, expe
mental details are given, then a theoretical section introdu
a model for the spin excitations involved and obtains pred
tions forx8 andx9 above and belowTQ . The predictions are
compared to experiment in the last section.

II. EXPERIMENTAL DETAILS

Magnetization and complex ac magnetic susceptibi
measurements were carried out between 1.8 and 300 K
a commercial Quantum Design superconducting quantum
terference device~SQUID! magnetometer. The sensitivity o
the magnetometer is 1027 emu. The field was applied para
lel to the plane of the ribbons. The amplitude of the ac e
citation wash051 Oe. We varied the frequency betwee
0.01 Hz and 1 kHz. Before each measurement series
superconducting magnet remanent field in the center of
sample chamber was eliminated. The remaining field w
reduced, with the sample at room temperature, to a very
value ~0.01 Oe! applying a compensating field with the pr
mary coil. Then, the sample was cooled down to the low
measuring temperature. Nevertheless, irreproducibilities
the order of a 4% of the total signal were observed betw
different measurement series, whereas they were below
for data obtained after the same cooling down process.

Ac susceptibility data below 2 K were measured with a
susceptometer set up on a3He-4He Oxford Instruments dilu-
tion refrigerator; the lowest temperature reached was 0.10
A mutual inductance coil was wound on a glass-tube pla
under the mixing chamber of the refrigerator, and the sam
placed in one of the oppositely wound secondary coils. T
9171 © 1998 The American Physical Society
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9172 PRB 58F. LUIS et al.
tube was filled with3He-4He fluid to achieve thermal equi
librium of the sample with the mixing chamber. The excitin
field amplitude wash0'3.6 mOe and the frequency was 15
Hz. We used the temperature overlap region between 1.8
K of the magnetometer and susceptometer data to scale
latter measurements.

Amorphous ribbons ofa-Tb2Fe were prepared by me
spinning. The resulting material were strips 50mm thick and
several cm long. The amorphous structure of the sam
was checked by x-ray diffraction. The SQUID magnetome
measurements were performed on a collection of 20 stac
ribbons. The measurements are given in the Gaussian
tem. The samples used in very low-temperature experim
consisted of about 40 ribbons glued with GE varnish. Th
its weight could not be determined accurately and the v
low-temperature measurements are given in arbitrary un

III. EXPERIMENTAL RESULTS

A. Magnetic transition

We first show in Fig. 1 the temperature dependence m
netization measurements at an applied field of 1 Oe. ZFC
FC stand for data measured after the sample was coole
zero field and under the measuring field, respectively. T
ZFC curve shows an acute anomaly at the freezing temp
ture Tf5160 K, which indicates the onset of the sperima
netic structure. BelowTf the ZFC and the FC curve
strongly diverge, indicating that some of the irreversib
magnetization processes last for times of the order or lon
than the time elapsed between two experimental pointsZexp;
i.e., of the order of 100 s.

In-phasex8 and quadraturex9 components of the com
plex susceptibility nearTf are shown in Fig. 2. AboveTf , x8
follows Curie’s law andx9'0. Both componentsx8 andx9
have an acute maximum, similar to that of a spin glass o
the one shown by other random anisotropy materials11 at
temperaturesTf8 andTf9 , respectively, which increase as th
exciting frequency increases. The onset of a nonzerox9 is
due to magnetic relaxation processes with characteristic
laxation timest of the order oftexp, i.e., the same mecha
nism which gives rise to the difference between the ZFC
FC magnetization curves. These results indicate that

FIG. 1. Temperature dependence of the magnetization of
amorphous alloya-Tb2Fe; d, measured after zero-field coolin
~ZFC! (H,0.05 Oe); s, measured after field cooling (H
51.0 Oe) ~FC!.
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spectrum of relaxation times broadens dramatically wheT
approachesTf , at least up to about 20 s.

B. Low-temperature region

The temperature dependence ofx8 andx9 below 10 K is
shown in Fig. 3. Above 4 K,x8 andx9 increase linearly for
increasing temperature. The real componentx8 deviates
from linearity below 4 K, approximately, and increas
slightly at lower temperatures.x9 tends to a nearly
temperature-independent behavior below 3 K, as well.
Fig. 4 we show our data down to 0.10 K, where the two s
of data, those obtained with the SQUID magnetometer
the dilution refrigerator susceptometer, have been combin
We note that the data tend to a ‘‘plateaulike’’ behavior b
low 4 K for x8 and 3 K for x9. In fact, there is a slight
temperature dependence; a small maximum of 3% show
at about 1 K in both components. In Sec. IV we propose
simple model to explain this behavior.

However, without recourse to any model, the observ
crossover behavior already allows us to establish that s
irreversible magnetization processes exist which do not
come blocked even at the lowest temperatures achievedT
50.10 K), thus, these processes are not thermally activa
We remark as noteworthy thatx9 is nonzero; this feature ha
not been detected in any other previous random anisotr
amorphous system, though there is an antecedent in a
permeability amorphous ferromagnet.12 On the other hand, in
the random anisotropy systema-DyNi ~in which D/J,1,

e

FIG. 2. Ac magnetic susceptibility ofa-Tb2Fe near the spin-
freezing temperatureTf , measured at several frequencies;~a! real
componentx8; ~b! imaginary componentx-. The full line in ~a!
represents the dc susceptibility measured after FC in a field of 1
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PRB 58 9173QUANTUM RELAXATION IN THE LOW-TEMPERATURE . . .
recently studied, it was found thatx9 decreases with tem
perature in the whole experimental range (T.1.1 K).13

At all temperatures studied,x8 depends on the logarithm
of the exciting frequencyv ~see Fig. 5!, which implies that
the relaxation time spectrum is nearly constant.14 Moreover,
it is remarkable to find that the well-known relation betwe
x8 andx9

x95
p

2

]x8

]~ ln v!
~1!

holds in the temperature range where frequency-depen
data were collected (1.8,T,20 K) ~see Fig. 6!. In fact,
]x8/](ln v) also approaches a temperature-independent
havior below 3 K.

The most relevant direct conclusion from the present
periments is that there exist effective relaxation proces
down to the lowest temperatures explored. We discuss be
on the physical nature of these processes.

IV. ANALYSIS OF RESULTS

A. A magnetic drop model for spin relaxation
in strong RMA systems

In this section we describe a simple model of drops
correlated spins as a first step to interpret our experime
results. The original model was introduced by Anders
Halperin, and Varma to explain the low-temperature h
capacity of a glass,15 and was developed later to calculate t
susceptibility and magnetization of a random exchange s

FIG. 3. Ac magnetic susceptibility ofa-Tb2Fe at low tempera-
tures;~a! real componentx8; ~b! imaginary componentx9. The full
lines correspond to the best fit to the experimental data foT
.5 K.
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glass.16 Recently, the same model was applied to interp
the ac susceptibility of some ferromagnetic amorpho
alloys12 and of weak random anisotropy systems.13

The central hypothesis of the model consists of the
sumption that magnetic excitations involve the reversal
groups of ferromagnetically correlated spins closely align
along the local axis of the RMA. We shall denominate the
drops. The boundary of each drop separates spins tha
nearly orthogonal to each other; i.e., not transversally co
lated because of the RMA@see Fig. 7~a!#.9 Such a configu-
ration corresponds to a minimum of energy. A second m
mum, which differs in energy byDE @see Fig. 7~b!#, is
reached when the spins within the drop flip as a whole, wh
maintaining the boundary, as the surrounding spins are

FIG. 4. Ac magnetic susceptibility ofa-Tb2Fe measured at the
frequencyn5159 Hz; ~a! real componentx8; ~b! imaginary com-
ponentx9. The full lines correspond to the best fit to the expe
mental data forT.5 K.

FIG. 5. Frequency dependence ofx8 at low temperatures. Ful
lines in ~a! are fits to a logarithmic dependence.
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9174 PRB 58F. LUIS et al.
correlated on a scale larger than the drop size.U is the en-
ergy barrier to overcome classicaly when flipping from t
first minimum to the second minimum@see Fig. 7~b!#. DE
may be nonzero since the angle between the across boun
spins may vary. In fact, the average angle is an increa
function of theD/J ratio. However, this difference may b
considered as very small with respect toU, because of the
competing effects of the random anisotropy and exchan9

The low-energy excitations which involve these flippings d
termine the linear magnetic response of RMA systems at
temperatures. Their existence has been proven experim
tally in the amorphous alloya-DyNi.17

Since all the drop inner spins are correlated along
direction of the local axis of anisotropy, the energy barr
height U is proportional to the drop volumeV, while DE
may have an arbitrarily small value, even for relatively lar
drops. Since there is a large energy range of barriers
differenceDE may also have a wide range of values. Fo
given U, there may be many quasidegenerate compat
drop configurations, with different values ofDE, and vice
versa. Therefore, it is reasonable to assume that there
smoothly varying distribution of values forDE andU; i.e., a
distribution f (DE,U) that varies smoothly in the energy in
terval kBT.

In general, the relaxation timet and the equilibrium sus
ceptibility of one of these drops depend onDE and U. For

FIG. 6. Comparison betweenx9 and the first derivative ofx8
~scaled byp/2! with respect to the logarithm ofn @see text Eq.~1!#,
at low temperatures.

FIG. 7. ~a! Schematic representation of a drop of transversa
correlated ferromagnetically coupled spins. The line represents
boundary separating sites such that their local anisotropy ax
orthogonal.~b! Dependence of the magnetic energy as a function
angle u, which describes the direction of alignment of the dr
magnetic moment shown in~a!.
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simplicity sake, we shall consider each drop as a two-le
system. If, moreover,U@DE the relaxation time is

t5t0expS U

kBT* D , ~2!

where t0 is a characteristic time,T* is equal toT if the
process is thermally activated, and equal toTQ if the drop
flips by means of a tunneling process.

This tunneling process is probably assisted by phon
rather than due to ground-state resonant tunneling.15,19 In-
deed, the tunneling splitting of the ground state of a dr
which contains approximately 11 spins~see last section! can
be roughly estimated to be smaller than 10212 K.18 This
quantity is much smaller than the smallest splitting possi
DE'1022 K, imposed by the ac field. Under this conditio
the ground-state resonant tunneling channel is blocked.19

B. Calculation of the low-field magnetic susceptibility

The equilibrium parallel susceptibility for a two-level sy
tem of 1m and2m magnetic moments separated by an e
ergy DE, for a givenU, may be written as

x i~T,DE,U !5
Vr2m2

kBT cosh2~DE/2kBT!
, ~3!

wherer5n/V is the spin density,n is the number of spins in
the volumeV, andm is the magnetic moment of a Tb31 ion.
On the other hand, the perpendicular component is z
Thus xeq5x i/3 is a monotonically decreasing function o
DE/kBT, at a given temperature, becoming negligible abo
DE/4kBT.1. It can be concluded that only the lower ener
excitations (DE<4kBT) give a significant contribution to
the equilibrium magnetic susceptibility.

In contrast to this result, we note that all the excitati
spectrum contributes to the remanent magnetization de
i.e., independently of the value ofDE, an excitation contrib-
utes to the magnetic viscosity if

kBT* ln~1/vt0!5U

with T* 5T andT* 5TQ above and belowTQ , respectively.
We conclude that viscosity is sensitive to larger energy
citations than ac susceptibility, thus the average value ofDE
is larger in magnetic viscosity experiments. In other wor
ac susceptibility gives information on the metastable grou
states of the system, while magnetic viscosity probes exc
states.

When t is of the order or longer thantex51/vex, the
system cannot follow the excitation and the magnetic
sponse is lower than the equilibrium susceptibility; i.e.,
phase shift appears in the response giving rise to an im
nary component. The contribution to the susceptibility due
each drop may then be calculated with the Debye relaxa
expressions:

x8~T,v,DE,U !5
xeq

11~vt!2
1x rev, ~4a!
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x9~T,v,DE,U !5
xeqvt

11~vt!2
, ~4b!

wheret is given by Eq.~2!. x rev is the reversible suscept
bility due to small rotations of the magnetization within th
energy minimum; i.e., it is the limit ofx8 for v→`. To
calculate the susceptibility of a given sample, one must
the contributions due to all excitations assuming t
f (DE,U), the normalized distribution function, is a smoo
function in the relevant energy region. Then

x8~T,v!5x rev1E
0

` 1

11~vt!2
x̃~T,U !dU, ~5a!

x9~T,v!5E
0

` vt

11~vt!2
x̃~T,U !dU, ~5b!

where

x̃~T,U !5E
0

`

xeq~T,DE,U ! f ~DE,U !d~DE!. ~6!

Note thatx̃(T,U) describes the contribution to the equilib
rium susceptibility due to all drops which have a defin
size. Equations~5! are only valid if each spin is only in
volved in one of the excitations. This is a reasonable
proximation since the magnetic exciting field is small and
perturbation it can provoke in the magnetization is mu
smaller than the saturation magnetization at high fie
These expressions are valid at any temperature.

Let us consider some simplifying conditions. On o
hand, from Eq.~3! we know that the equilibrium susceptibi
ity is practically negligible aboveDE54kBT. On the other,
if the distribution f (DE,U) is a smooth function ofDE in
the temperature region of interest, as argued above, we
considerf (DE,U)' f (0,U) and we can remove it from th
integrand. The integral in Eq.~6! can be calculated analyti
cally, andx̃(T,U) becomes

x̃>
2

3
Vr2m2f ~0,U !, ~7!

which is independent of temperature.
Some simple expressions forx8 and x9 can be obtained

by substituting Eq.~7! in Eqs. ~5!, taking q(U,v)51/@1
1(vt)2# as a step function atU5Uc and considering tha
r (U,v)5qvt is nonzero only in the6kBT energy region
aroundU5Uc :

x8~T,v!>x rev1
2

3
r2m2E

0

Uc
V~U ! f ~0,U !dU, ~8a!

x9~T,v!>
p

3
kBT* r2m2V~Uc! f ~0,Uc!, ~8b!

whereUc5kBT* ln(1/vt0). The approximations introduce
give as a result thatx9 maps out the functionV(U) f (0,U),
with a resolution window of 2kBT. Besides, it is simple to
verify that the ‘‘p/2 rule’’ @Eq. ~1!# follows easily from Eqs.
~8!.
d
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-
e
h
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The temperature dependence ofx8 andx9 should reflect
the relaxation mechanism which dominates at any given t
perature:

~i! If the relaxation mechanism involvesthermal activated
excitations, T* 5T, then t follows an Arrhenius law and
increases exponentially for decreasing temperature@see Eq.
~2!#. In that case, the progressive blocking of the irreversi
processes leads, for decreasing temperature, to a decrea
x8 and a linear dependence ofx9 on temperature. In theT
→0 limit x9 should be zero, whilex8 should be equal to
x rev.

~ii ! If the flipping process takes place by means of QT
~phonon assisted or otherwise!, T* is a constant andt be-
comes temperature independent. In that case, the temper
dependence ofx8 andx9 are due tox̃(T,U) only. The tem-
perature dependences ofx shows two interesting limits:~a! if
DE!kBT for all excitations thenx would follow a Curie
law, identical to the equilibrium susceptibility of indepen
dent spins;~b! if the ideal conditionf (DE,U)5const is ful-
filled in a broad range ofDE ~from DE50 to DE>kBT), as
is our case,x would be temperature independent. In the re
system any small temperature dependence ofx8 andx9 re-
flects the actual dependence off (DE,U) on DE near DE
50.

We now assume that the dominant mechanism is th
mally activated flipping aboveTQ and QTM below this tem-
perature. According to our previous discussionx8 and x9
must decrease with decreasing temperature forT.TQ and
become almost temperature independent@as much as
x̃(T,U)] for T,TQ . It is important to remark again tha
only the low-energy excitations contribute significantly
the susceptibility.

C. Comparison with experiments, discussion and conclusions

x8 and x9 calculated with Eqs.~8! can be compared di
rectly to the experimental results. The thermal activated
gion is identified by its linear temperature dependence ab
4 K for x8, and 3 K for x9. In turn, the QTM relaxation
temperature region is identified by the ‘‘plateau’’ belo
those temperatures@see Figs. 4~a! and 4~b!#. We determine
the crossover temperature more reliably from thex9 data
(TQ'3 K), since this component is more directly related
the relaxation process@see Eq.~8b!#. It is considerably lower
thanTQ58 K, as determined from magnetic viscosity me
surements. The difference between both values ofTQ can be
explained, at least qualitatively, as follows: The reson
tunneling mechanism is blocked~not effective! when DE
@DÊ, whereDÊ is the tunnel splitting of the ground state
the resonant condition, i.e., assumingDE50. Therefore, the
most likely alternative is MQT assisted by phonons.15,20,21

Now, the phonon-assisted tunneling transition rate 1/t de-
pends onDE(1/t}DE3) and, consequently,TQ is also an
increasing function ofDE. This point, which had been
missed in Ref. 13, allows us to understand the observa
that TQ obtained from the susceptibility measurements m
be lower than that determined from the magnetic viscos
Indeed, the ac susceptibility is sensitive just to the low-lyi
energy excitations, in contrast to the magnetic viscos
where all the excitations are involved. Then, the avera
value ofDE is small in the ac susceptibility experiments an
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9176 PRB 58F. LUIS et al.
correspondingly, the observed crossover takes place
lower temperature than in viscosity measurements.

The imaginary componentx9 contains information abou
the low-energy excitation distribution functionf (0,U). In
the classical relaxation region,T.TQ , x9/T is approxi-
mately constant@see Fig. 8~b!#, which means that, accordin
to Eq.~8b!, V f(0,U) is nearly independent ofU. In contrast,
below TQ , Eq. ~8b! predicts thatx9/T}Uc

21; i.e., nearly
constant but not completely, as is observed experiment
@see Fig. 8~b!#. However, the discrepancy is less than 3%,
we believe that the approximationf (DE,U)' f (0,U)
5const is valid for the presenta-Tb2Fe compound. Thus
the crossover from the classic to the quantum regime ta
place whenUc580 K, as determined fromx9.

If we now apply the approximationf (0,U)5const above
TQ in Eq. ~8a!, we obtain thatx8 should have a linear de
pendence onT and on ln(v), in excellent agreement with th
experiments@see Figs. 3~a!, 4~a!, and 5#. Moreover, by ex-
trapolation of this linear dependence down toT50 K the
valuex8(0)'6.631023 emu/cm3 is deduced. This yields a
good estimate ofx rev at all frequencies measured. This ter
corresponds to a reversible rotation of the spins within
energy well, without jumping to another well. It is difficult t
compare this result with a theoretical prediction since
tailed calculations exist only for the weak anisotropy ca

FIG. 8. Scaling ofx8 as a function of the variableUc /kB ~see
text! of x8 ~a! andx9/T ~b! measured at different temperatures a
frequencies, for a commont0510210 s. In ~b!, ~ !, corresponds
to Uc

21, which intersects the experimentalx9 data atUc'80 K,
while ~--! depicts the theoretical prediction@see Eq.~8b!# for ther-
mal activated relaxation whenV f(0,U)5const. The vertical arrow
in ~a! indicates the crossover temperature at which the scaling p
erty breaks down (TQ'3.8 K). In ~b!, the arrow indicates the acti
vation energy of the excitations which flips due to tunneling.
a

lly
o

es

n

-
,

that is, whenD/J,1.22 In contrast, in the present case
strong anisotropy the excursions of the spins relative to th
preferent direction are expected to be small, then we m
approximatex rev by23

x rev'
rm

2Hk
, ~9!

whereHk'95 kOe is the effective anisotropy field andrm
51.53103 emu/cm3 is the saturation magnetization.5 Substi-
tuting these values we obtainx rev'7.931023 emu/cm3, in
very good agreement with the experimental value.

From Fig. 6 we concluded that the ‘‘p/2 rule @Eq. ~1!#’’
betweenx8 andx9 is well satisfied. This fact reinforces th
validity of Eqs. ~8! and all approximations therein. Mor
important, aboveTQ , Eqs.~8! predict thatx8 andx9/T are
functions of the scaling variableT ln(1/vt0). Indeed, thex8
and x9/T experimental data measured at different tempe
tures merge on a single line forT.3 K; i.e., the scaling
relation is verified with the common value oft0'10210 s, as
can be seen in Fig. 8~a!. The loss of the scaling law occurs a
the valueUc'100650 K @see Fig. 8~a!#.

On the contrary, it is not possible to scale the data be
'3.5 K to the same line@Fig. 8~a!#. We can get further
insight on the loss of the scaling property below 3 K by
inspecting the frequency dependence of the isotherms
picted in Fig. 5. There it can be seen thatx8 decreases for
increasingv and decreasingT, for T.3 K. However, forT
,3 K, x8 still decreases for increasingv but increases for a
lower T @see Fig. 3~a!#, thus the trend is inverted. Since th
verification of the scaling condition belowTQ would imply
that the trend be maintained, its inversion implies that
scaling condition is not obeyed. The violation of the scali
rule of the susceptibility belowTQ indicates that therma
activation is not the predominant relaxation mechanis
Thus, there is a definite crossover to a different relaxat
regime belowTQ .

We note that the valuet0510210 s obtained from the
scaling is three orders of magnitude larger than that dedu
in a similar analysis of the magnetic viscosity data.24 This
remarkable difference may be due to the fact that the m
netic susceptibility technique we have employed is sensi
to spin drops that interact weakly with their neighbors; i.
for excitation energiesDE very small ~see Sec. IV A!, in
contrast to magnetic viscosity which is sensitive to larg
excitations which involve larger interactions. It is known th
interaction with other spins leads to an effectivet0 value
shorter than that for free spins when the Arrhenius law
applied to fit the data.25 Thus we may expect that the weak
the interaction is the longer thet0 that may be found, as
observed.

The number of spins that flip by tunneling effect may
then estimated equating the value ofUc at TQ ~which ranges
from 80 to 150 K, as determined fromx8 or x9, respec-
tively! with KV, takingK593107 erg/cm3 from the Ref. 5,
and solving forV. We obtain an effective drop diameter o
;762 Å, and since the interatomic distance isa'4.5 Å,
this means that each excitation involves at most one spin
its nearest neighbors, that is,n'11. Such a small number o
correlated spins is in agreement with the fact that, in o
limit of D/J@1, spin-wave excitations are little populate
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since the magnon spectrum becomes unstable for s
enoughk vectors.9 The activated volumes deduced from su
ceptibility data are one order of magnitude lower than th
determined from magnetic viscosity (n;100),5 probably be-
cause the characteristic time in our experiment is m
shorter~by 2–6 orders of magnitude! and is sensitive only to
the low-lying energy excitations. In conclusion, we are o
serving processes involving tunneling at an intermed
microscopic-mesoscopic scale.

In conclusion, we have proven that there exist low-lyi
energy excitations which allow the spin to approach equi
rium even at temperatures as low asT50.10 K. The ob-
served low-temperature susceptibility can be explain
d

le
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J

te

ri,
all
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h

-
e

-

d

within a model in which MQT between two quasidegener
states of minimum energy is the predominant relaxat
channel. The main interest of this work is that it arrives at
same conclusions as those derived from magnetic visco
measurements,5 with a different technique and time window
Consequently, the existence of MQT ina-Tb2Fe is strongly
supported.
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