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Quantum relaxation in the low-temperature magnetic susceptibility
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The ac magnetic susceptibility of melt spun ribbons of the strong-random magnetic-anisotropy amorphous
alloy a-Th,Fe has been measured from room temperature down to 0.10 K. In the temperature region 4
<300 K the system behaves as a random anisotropy sperimagnet, with freezing tempEratti®d K.
In-phasey’ and out-of-phasg” components of the susceptibility deviate from the classical linear temperature
dependence to a temperature-independent value below a crossover temfjeyat@re. The low-temperature
“plateau” behavior supports the existence of magnetic quantum tunneling relaxation. The tunneling entities
are spin drops which comprise an average nunmbell spins.
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[. INTRODUCTION smoothly along the sample so that the magnetic moments are
y 9 p g
correlated at relatively long distances. If we are in the strong
Amorphous alloysR;_,Fe, of rare earthgR) and iron RMA_reg|me,D/J> 1, magnetic moments lie along the re--
have been characterized as systems with random magneff@ective local easy directions; therefore, the ferromagnetic
anisotropy (RMA).! Quantum tunneling of magnetization correlation length is limited at most to the short-range struc-
(QTM) processes have been reported to occur both in vea ural correlation lengtf.In particular, fora- Th,Fe the values

. /kg=1.53 K andD/kg=8 K were determined from the fit
and strong RMA systems. In those works it was found that of the magnetization and anisotropic magnetostriction ther-

magnetic viscosity becomes temperature independent belomal dependences, thiB/J=5.2>1. SinceD/J>1 and the
a crossover temperatufig, . On the other hand, attempts t0 R_T interaction is antiferromagnetic, then theTb,Fe sys-
observe the crossover behavior in amorphous systems l¥m is a sperimagnét.
means of a different experimental technique, such as mag- The organization of our paper is as follows: first, experi-
netic susceptibility, have been unsucceséful. mental details are given, then a theoretical section introduces
The a-Th,Fe alloy is a good candidate in which QTM a model for the spin excitations involved and obtains predic-
might be observable by means of magnetic susceptibility extions fory’ andy” above and beloW, . The predictions are
periments since the crossover foundTaf (=8 K) in mag- ~ compared to experiment in the last section.
netic viscosity measurements is the highest found up to date
in a RMA magnet, to our knowledgeOur aim has been to
check whether the crossover would also be observed with ac Magnetization and complex ac magnetic susceptibility
magnetic susceptibility, and, if positive, which were the mainmeasurements were carried out between 1.8 and 300 K with
differences in behavior with respect to the magnetic viscosity commercial Quantum Design superconducting quantum in-
data. We have extended our magnetic measurements downt@fference devicéSQUID) magnetometer. The sensitivity of
0.10 K to ascertain any crossover in its temperature deperih® magnetometer is 10 emu. The field was applied paral-
dence. We have observed that the real and imaginary coni€! t0 the plane of the ribbons. The amplitude of the ac ex-

onents of the ac susceptibility’ andy”, become tempera- citation wash,=1Oe. We varied the frequency between
Fure independent beIonQ~3{4 K )f';md consider thpis to 0-01 Hz and 1 kHz. Before each measurement series the

provide further support for the existence of QTM in this superconducting magnet remanent field in th'e.cent.er of the
compound sample chamber was eliminated. The remaining field was
prR < n;)nmagnetic such &=, no magnetic moment reduced, with the sample at room temperature, to a very low

: . . L value (0.01 Og applying a compensating field with the pri-
is present in Fe below a certain critical valug=0.4>" mary E:oil. Thgn,qﬁeysagmple WEEI)S cooledg down to the Io?/vest
Indeed, the alloya-Y;Fe is below this threshold and has no measuring temperature. Nevertheless, irreproducibilities of
moment if no strong field is appli€tin contrast, ira-ThFe  the order of a 4% of the total signal were observed between
the Fe atoms do have a nonzero moment, thusRfiein-  different measurement series, whereas they were below 1%
teraction is capable of polarizing theldand of Fe: Below  for data obtained after the same cooling down process.

the freezing temperaturg€; and for predominant ferromag- Ac susceptibility data bele 2 K were measured with a
netic interactions) >0, the ratio D/J) determines the mag- susceptometer set up orfide-*He Oxford Instruments dilu-
netic ground state of the amorphous material, wiestands  tion refrigerator; the lowest temperature reached was 0.10 K.
for the RMA crystal-field strength and is the main ex- A mutual inductance coil was wound on a glass-tube placed
change interaction between the "fhatoms! For weak under the mixing chamber of the refrigerator, and the sample
RMA, D/J<1, the average magnetization vector rotatesplaced in one of the oppositely wound secondary coils. The

Il. EXPERIMENTAL DETAILS
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FIG. 1. Temperature dependence of the magnetization of the 1.5 ’(b) ‘ N ‘
amorphous alloya-Th,Fe; ®, measured after zero-field cooling I éﬁ%
(ZFO) (H<0.050e); O, measured after field cooling H( _ @
=1.0 Oe)(FC). = L AA% s |
A X X
tube was filled with®He-*He fluid to achieve thermal equi- & Xxxaé "
librium of the sample with the mixing chamber. The exciting ‘50 sl ¢ .e‘
field amplitude wasy~ 3.6 mOe and the frequency was 159 = ; s s,
Hz. We used the temperature overlap region between 1.8 to 3 A S
K of the magnetometer and susceptometer data to scale the ¢ s

latter measurements. Ol ‘ =t

Amorphous ribbons of-Th,Fe were prepared by melt 130 160 T1(712) 180 190
spinning. The resulting material were strips & thick and
several cm long. The amorphous structure of the samples FIG. 2. Ac magnetic susceptibility od-Th,Fe near the spin-
was checked by x-ray diffraction. The SQUID magnetometefreezing temperatur&;, measured at several frequenciés; real
measurements were performed on a collection of 20 stackegPmponenty’; (b) imaginary componeng™. The full line in (a)
r|bbons The measurements are g|ven |n the Gauss|an sy@presents the dc Susceptlblllty measured after FC in a field of 1 Oe.
tem. The samples used in very low-temperature experiments
consisted of about 40 ribbons glued with GE varnish. Thusspectrum of relaxation times broadens dramatically when
its weight could not be determined accurately and the verypproached;, at least up to about 20 s.
low-temperature measurements are given in arbitrary units.

Ill. EXPERIMENTAL RESULTS B. Low-temperature region

The temperature dependencexdfand x” below 10 K is
shown in Fig. 3. Above 4 Ky’ and " increase linearly for

We first show in Fig. 1 the temperature dependence magncreasing temperature. The real compongmnit deviates
netization measurements at an applied field of 1 Oe. ZFC anfiom linearity below 4 K, approximately, and increases
FC stand for data measured after the sample was cooled glightly at lower temperaturesy” tends to a nearly
zero field and under the measuring field, respectively. Theemperature-independent behavior below 3 K, as well. In
ZFC curve shows an acute anomaly at the freezing temper#ig. 4 we show our data down to 0.10 K, where the two sets
ture T{=160 K, which indicates the onset of the sperimag-of data, those obtained with the SQUID magnetometer and
netic structure. BelowT; the ZFC and the FC curves the dilution refrigerator susceptometer, have been combined.
strongly diverge, indicating that some of the irreversibleWe note that the data tend to a “plateaulike” behavior be-
magnetization processes last for times of the order or longdow 4 K for ' and 3 K for x”. In fact, there is a slight
than the time elapsed between two experimental pdpts  temperature dependence; a small maximum of 3% shows up

A. Magnetic transition

i.e., of the order of 100 s. at aboti 1 K in both components. In Sec. IV we propose a
In-phasey’ and quadraturg” components of the com- simple model to explain this behavior.

plex susceptibility neaf; are shown in Fig. 2. Abové;, x’ However, without recourse to any model, the observed

follows Curie’s law andy”~0. Both componentg’ andyx”  crossover behavior already allows us to establish that some

have an acute maximum, similar to that of a spin glass or tarreversible magnetization processes exist which do not be-
the one shown by other random anisotropy matéefiade  come blocked even at the lowest temperatures achieVed (
temperatured; andT}, respectively, which increase as the =0.10 K), thus, these processes are not thermally activated.
exciting frequency increases. The onset of a nonzéras  We remark as noteworthy thgt' is nonzero; this feature had
due to magnetic relaxation processes with characteristic rgiot been detected in any other previous random anisotropy
laxation timesr of the order ofr,, i.e., the same mecha- amorphous system, though there is an antecedent in a high
nism which gives rise to the difference between the ZFC an¢gbermeability amorphous ferromagrtéOn the other hand, in

FC magnetization curves. These results indicate that ththe random anisotropy systeexDyNi (in which D/J<1,
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FIG. 3. Ac magnetic susceptibility af-Tb,Fe at low tempera- FIG. 4. Ac magnetic susceptibility a-Th,Fe measured at the
tures;(a) real componeny’; (b) imaginary componeng”. The full  frequencyr=159 Hz; (&) real componenk’; (b) imaginary com-
lines correspond to the best fit to the experimental dataTfor Ponentx”. The full lines correspond to the best fit to the experi-
>5K. mental data fofT>5 K.

recently studied, it was found that’ decreases with tem- glass:® Recently, the same model was applied to interpret

perature in the whole experimental rangex(1.1 K) .13 the ac susceptibility of some ferromagnetic amorphous
At all temperatures studieg’ depends on the logarithm alloys and of weak random anisotropy SyStle_f’lS-
of the exciting frequencw (see Fig. %, which implies that The central hypothesis of the model consists of the as-

the relaxation time spectrum is nearly const4riloreover, ~sumption that magnetic excitations involve the reversal of
it is remarkable to find that the well-known relation betweengroups of ferromagnetically correlated spins closely aligned

x' andy” along the local axis of the RMA. We shall denominate them
drops. The boundary of each drop separates spins that are
T dx’ nearly orthogonal to each other; i.e., not transversally corre-
X'=3 2(n ) (1) lated because of the RMPsee Fig. 7a)].° Such a configu-

ration corresponds to a minimum of energy. A second mini-
holds in the temperature range where frequency-dependentum, which differs in energy byAE [see Fig. ™)], is
data were collected (18T<20K) (see Fig. 6. In fact, reached when the spins within the drop flip as a whole, while
dx'14(In w) also approaches a temperature-independent bewnaintaining the boundary, as the surrounding spins are not
havior below 3 K.

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

—
~
T

IV. ANALYSIS OF RESULTS

—_
[\
T

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

x’(lO‘2 emu/cm3)

In this section we describe a simple model of drops of k. Ak
correlated spins as a first step to interpret our experimental 03 ' ' * !
results. The original model was introduced by Anderson, 001 ol IV(HZ)“) 1001000
Halperin, and Varma to explain the low-temperature heat
capacity of a glas¥; and was developed later to calculate the  FIG. 5. Frequency dependence xf at low temperatures. Full
susceptibility and magnetization of a random exchange spitines in (a) are fits to a logarithmic dependence.
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L5 ' ' 4 simplicity sake, we shall consider each drop as a two-level

. (2R system. If, moreoverJ> AE the relaxation time is

o x"(v=2Hz) .
U
. | T= To€X W

where 7y is a characteristic timeT* is equal toT if the
o process is thermally activated, and equalTtg if the drop
-t flips by means of a tunneling process.
This tunneling process is probably assisted by phonons
0.0, s 0 T rather than due to ground-state resonant tunnéfiigin-
TK) deed, the tunneling splitting of the ground state of a drop
which contains approximately 11 spifsee last sectigrcan
FIG. 6. Comparison betweeg’ and the first derivative of’ be roughly estimated to be smaller than 1DK.*® This
(scaled bym/2) with respect to the logarithm of[see text Eq(1)], quantity is much smaller than the smallest splitting possible
at low temperatures. AE~10"? K, imposed by the ac field. Under this condition
the ground-state resonant tunneling channel is blo¢ked.
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correlated on a scale larger than the drop sizés the en-
ergy barrier to overcome classicaly when flipping from the
first minimum to the second minimufisee Fig. Tb)]. AE
may be nonzero since the angle between the across boundary The equilibrium parallel susceptibility for a two-level sys-
spins may vary. In fact, the average angle is an increasintem of +u and —u magnetic moments separated by an en-
function of theD/J ratio. However, this difference may be ergy AE, for a givenU, may be written as

considered as very small with respectUp because of the

B. Calculation of the low-field magnetic susceptibility

competing effects of the random anisotropy and exchdnge. Vp2u?

The low-energy excitations which involve these flippings de- xi(T,AE,U)= , 3
termine the linear magnetic response of RMA systems at low keT cost(AE/2kgT)
temperatures. Their existence has been proven experimen- ) ) o o
tally in the amorphous allog-DyNi.*’ wherep=n/V is the spin densityn is the number of spins in

Since all the drop inner spins are correlated along théhe volumeV, andy is the magnetic moment of a Thion.
direction of the local axis of anisotropy, the energy barrierOn the other hand, the perpendicular component is zero.
height U is proportional to the drop volum¥, while AE ~ Thus xeq= x;/3 is @ monotonically decreasing function of
may have an arbitrarily small value, even for relatively largeAE/kgT, at a given temperature, becoming negligible above
drops. Since there is a large energy range of barriers thd E/4kgT> 1. It can be concluded that only the lower energy
differenceAE may also have a wide range of values. For aéxcitations QE<4kgT) give a significant contribution to
given U, there may be many quasidegenerate compatibléhe equilibrium magnetic susceptibility.
drop configurations, with different values &fE, and vice In contrast to this result, we note that all the excitation
versa. Therefore, it is reasonable to assume that there iss@pectrum contributes to the remanent magnetization decay;
smoothly varying distribution of values f&E andU; i.e., a i-e., independently of the value afE, an excitation contrib-
distribution f (AE,U) that varies smoothly in the energy in- utes to the magnetic viscosity if
terval kgT.

In general, the relaxation timeand the equilibrium sus- kgT* In(L/w7p)=U
ceptibility of one of these drops depend A andU. For

with T* =T andT* =T, above and belowq, respectively.
' We conclude that viscosity is sensitive to larger energy ex-
citations than ac susceptibility, thus the average valukbf
is larger in magnetic viscosity experiments. In other words,
ac susceptibility gives information on the metastable ground

A A4
A\

4« /> > states of the system, while magnetic viscosity probes excited
A states.
A > When 7 is of the order or longer thamg,=1l/we,, the
4 * system cannot follow the excitation and the magnetic re-
$ ¢ B sponse is lower than the equilibrium susceptibility; i.e., a

6 phase shift appears in the response giving rise to an imagi-
nary component. The contribution to the susceptibility due to
FIG. 7. (a) Schematic representation of a drop of transversallyeach drop may then be calculated with the Debye relaxation
correlated ferromagnetically coupled spins. The line represents th@Xpressions:
boundary separating sites such that their local anisotropy axis is
orthogonal(b) Dependence of the magnetic energy as a function of
angle 6, which describes the direction of alignment of the drop x'(T,w,AE,U) = _ Xea
magnetic moment shown i). 1+ (w7)?

SN
7\

* Xrevs (4a)
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XeqoT The temperature dependencexdfand x” should reflect
X' (T,0,AE,U)= ————, (4b)  the relaxation mechanism which dominates at any given tem-
1+ (w7)? perature:
(i) If the relaxation mechanism involvéisermal activated

where 7 is given by Eq.(2 is the reversible suscepti-
1S 9 Y BQ2). Xrev P excitations T* =T, then 7 follows an Arrhenius law and

bility due to small rotations of the magnetization within the
energy minimum: i.e., it is the limit of’ for w—o. To increases exponentially for decreasing temperdisee Eq.

calculate the susceptibility of a given sample, one must ad&z)] In that case, the progressive blocking of the irreversible
the contributions due to all excitations assuming thatprocesses leads, for decreasing temperature, to a decrease of

f(AE,U), the normalized distribution function, is a smooth x' and a I|r/1ear dependence gf on temperature. In th@
function in the relevant energy region. Then —0 limit x” should be zero, whiley’ should be equal to

Xrev-
(ii) If the flipping process takes place by means of QTM

@ 1
X’(Taw):)(re\ﬂrf —— x(T,U)dU, (58  (phonon assisted or otherwjsd™* is a constant and be-
1+(w7) comes temperature independent. In that case, the temperature
dependence of’ andy” are due tgy(T,U) only. The tem-

Y S perature dependencespfthows two interesting limitga) if
X'(T,w)= fo ﬁ x(T,U)dU, (5b) AE<KkgT for all excitations theny would follow a Curie
(@) law, identical to the equilibrium susceptibility of indepen-
where dent spinsyb) if the ideal conditionf(AE,U)=const is ful-

filled in a broad range oAE (from AE=0 to AE=kgT), as
~ * is our casey would be temperature independent. In the real
x(T,U)= fo Xed T,AE,U)f(AE,U)d(AE). ©) system any small temperature dependencg’oénd x” re-
flects the actual dependence IffAE,U) on AE nearAE
Note thaty(T,U) describes the contribution to the equilib- =0.
rium susceptibility due to all drops which have a definite We now assume that the dominant mechanism is ther-
size. Equationg5) are only valid if each spin is only in- mally activated flipping abov&q and QTM below this tem-
volved in one of the excitations. This is a reasonable apperature. According to our previous discussiph and y”
proximation since the magnetic exciting field is small and themust decrease with decreasing temperatureTforT, and
perturbation it can provoke in the magnetization is muchbecome almost temperature independg¢as much as
smaller than the saturation magnetization at high fieldsy(T,U)] for T<Tq. It is important to remark again that
These expressions are valid at any temperature. only the low-energy excitations contribute significantly to
Let us consider some simplifying conditions. On onethe susceptibility.
hand, from Eq(3) we know that the equilibrium susceptibil-
ity is practically negligible abova E=4kgT. On the other,
if the distributionf(AE,U) is a smooth function oAE in
the temperature region of interest, as argued above, we can x' and " calculated with Egs(8) can be compared di-
considerf(AE,U)~f(0,U) and we can remove it from the rectly to the experimental results. The thermal activated re-

integrand. The integral in Ed6) can be calculated analyti- gion is identified by its linear temperature dependence above
cally, andy(T,U) becomes 4 K for x', and 3 K forx”. In turn, the QTM relaxation

temperature region is identified by the “plateau” below
those temperaturdsee Figs. @) and 4b)]. We determine

C. Comparison with experiments, discussion and conclusions

=§ Vp?u?f(0U), (7)  the crossover temperature more reliably from e data
(Tq=3K), since this component is more directly related to
which is independent of temperature. the relaxation procegsee Eq(8b)]. It is considerably lower

Some simple expressions fgf and x” can be obtained thanT,=8K, as determined from magnetic viscosity mea-
by substituting Eq.(7) in Egs. (5), taking q(U,0)=1[1  surements. The difference between both valuesptan be
+(w7)?] as a step function d=U, and considering that explained, at least qualitatively, as follows: The resonant
r(U,w)=qer is nonzero only in thetkgT energy region tunneling mechanism is blockeghot effective when AE
aroundU =U_: > AE, whereAE is the tunnel splitting of the ground state in

) 0 the resonant condition, i.e., assumifsg=0. Theref%r%otgle
, ~ £ 2.2|°¢ most likely alternative is MQT assisted by phonans:
X (T,0)=Xrevt 3P H fo VfoWwdy, - (& Now, the phonon-assisted tunneling transition rate de-
pends onAE(1/r=AE®) and, consequentlyTq is also an
T increasing function ofAE. This point, which had been
X'(T,w)= = kgT" p* V(U f(0U,), (8D)  missed in Ref. 13, allows us to understand the observation
that T obtained from the susceptibility measurements may
whereU .=kgT*In(1/w 7). The approximations introduced be lower than that determined from the magnetic viscosity.
give as a result that” maps out the functiov(U)f(0,U), Indeed, the ac susceptibility is sensitive just to the low-lying
with a resolution window of RgT. Besides, it is simple to energy excitations, in contrast to the magnetic viscosity,
verify that the “m/2 rule” [Eqg. (1)] follows easily from Egs. where all the excitations are involved. Then, the average
(8). value of AE is small in the ac susceptibility experiments and,
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30 o ‘ that is, whenD/J<1.22 In contrast, in the present case of
oo strong anisotropy the excursions of the spins relative to their
o preferent direction are expected to be small, then we may
2 200 ] approximatey e, by*®
£ 4
2 18K + 7K | .
] o 22K o 8K pp
'T'o A 26K & 9K Xre\/%ﬁa (9)
= 10- & a 3K 012K k
2 ] m 34K 8 5K
ook MK whereH,~95 kOe is the effective anisotropy field apg.
v 55K =1.5x10° emu/cnt is the saturation magnetizatidrSubsti-
0 1 ‘ ). S tuting these values we obtajp,~7.9X 102 emu/cn, in
0 100 200 300 400 500

very good agreement with the experimental value.

From Fig. 6 we concluded that ther/2 rule[Eq. (1)]”
4 . l betweeny’ andy” is well satisfied. This fact reinforces the
validity of Egs. (8) and all approximations therein. More
important, abovel o, Eqs.(8) predict thaty’ and x"/T are
functions of the scaling variable In(l/w7g). Indeed, they'
and x"/T experimental data measured at different tempera-
tures merge on a single line far>3 K; i.e., the scaling
relation is verified with the common value e§~10 s, as
can be seen in Fig.(8). The loss of the scaling law occurs at
the valueU .~100*=50 K [see Fig. 8)].

On the contrary, it is not possible to scale the data below
0 . L . : ~3.5 K to the same lingFig. 8@a]. We can get further

0 100 200 300 400 500 insight on the loss of the scaling property hel@ K by

U /k(K) inspecting the frequency dependence of the isotherms de-
picted in Fig. 5. There it can be seen thdt decreases for
increasingw and decreasingd, for T>3 K. However, forT
<3 K, x' still decreases for increasing but increases for a
lower T [see Fig. 8)], thus the trend is inverted. Since the
: ! ; e verification of the scaling condition beloWwy would imply
while () depicts the theoretical predictigsee Eq.(8b)] for ther- o rand pe maintained, its inversio% implies that the

mal activated relaxation whevif(0,U) =const. The vertical arrow i dition i t ob d. The violati f1h i
in (a) indicates the crossover temperature at which the scaling props-Ca Ing condition IS not obeyed. The violation of the scaling

erty breaks downTo~3.8 K). In (b), the arrow indicates the acti- rule of the susceptibility belowl indicates that thermal
vation energy of the excitations which flips due to tunneling. activation is not the predominant relaxation mechanism.
Thus, there is a definite crossover to a different relaxation

correspondingly, the observed crossover takes place at ragime belowTg.
lower temperature than in viscosity measurements. We note that the value,=10 s obtained from the

The imaginary component” contains information about scaling is three orders of magnitude larger than that deduced
the low-energy excitation distribution functiof(0,U). In in a similar analysis of the magnetic viscosity d&tahis
the classical relaxation regior,>Tqg, x"/T is approxi- remarkable difference may be due to the fact that the mag-
mately constanfsee Fig. 8)], which means that, according netic susceptibility technique we have employed is sensitive
to Eq.(8b), Vf(0O,U) is nearly independent df. In contrast, to spin drops that interact weakly with their neighbors; i.e.,
below Tq, Eq. (8b) predicts thatX”/Tocuc_l; i.e., nearly for excitation energie\E very small (see Sec. IV A in
constant but not completely, as is observed experimentallgontrast to magnetic viscosity which is sensitive to larger
[see Fig. &)]. However, the discrepancy is less than 3%, scexcitations which involve larger interactions. It is known that
we believe that the approximatiorf(AE,U)~f(0,U) interaction with other spins leads to an effectivg value
=const is valid for the preserd-Th,Fe compound. Thus, shorter than that for free spins when the Arrhenius law is
the crossover from the classic to the quantum regime takeapplied to fit the dat& Thus we may expect that the weaker
place whenU =80 K, as determined frony”. the interaction is the longer the, that may be found, as

If we now apply the approximatiof(0,U)=const above observed.
Tq in Eq. (8a), we obtain thaty’ should have a linear de- The number of spins that flip by tunneling effect may be
pendence ol and on Ing), in excellent agreement with the then estimated equating the valuelgf at T (which ranges
experimentdsee Figs. @), 4@, and §. Moreover, by ex- from 80 to 150 K, as determined from’ or x”, respec-
trapolation of this linear dependence downTe-0 K the tively) with KV, takingK=9x 10" erg/cn? from the Ref. 5,
value ' (0)~6.6x 10" emu/cni is deduced. This yields a and solving forV. We obtain an effective drop diameter of
good estimate 0f,, at all frequencies measured. This term ~7+2 A, and since the interatomic distanceas-4.5 A,
corresponds to a reversible rotation of the spins within arthis means that each excitation involves at most one spin and
energy well, without jumping to another well. It is difficult to its nearest neighbors, that is;:=11. Such a small number of
compare this result with a theoretical prediction since de<correlated spins is in agreement with the fact that, in our
tailed calculations exist only for the weak anisotropy caselimit of D/J>1, spin-wave excitations are little populated

U /k, (K)

W

“IT (10" *emu/cm’K)
X
(3]

—_

FIG. 8. Scaling ofy’ as a function of the variablg./kg (see
text) of x’ (a) and x”/T (b) measured at different temperatures and
frequencies, for a commor,= 10 s, In(b), (—), corresponds
to Uc’l, which intersects the experimentgl data atU.~80K,
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since the magnon spectrum becomes unstable for smaklithin a model in which MQT between two quasidegenerate
enoughk vectors? The activated volumes deduced from sus-states of minimum energy is the predominant relaxation
ceptibility data are one order of magnitude lower than thosehannel. The main interest of this work is that it arrives at the
determined from magnetic viscositg{ 100)° probably be-  same conclusions as those derived from magnetic viscosity
cause the characteristic time in our experiment is muchneasurementswith a different technique and time window.

shorter(by 2—6 orders of magnitud@and is sensitive only to - consequently, the existence of MQT aaTb,Fe is strongly
the low-lying energy excitations. In conclusion, we are ob-sypported.

serving processes involving tunneling at an intermediate
microscopic-mesoscopic scale.

In conclusion, we have proven that there exist low-lying
energy excitations which allow the spin to approach equilib-
rium even at temperatures as low @s-0.10 K. The ob- This work has been supported by Projects No. MAT96/
served low-temperature susceptibility can be explainedi48 and MAT95/1539 of the Spanish CICYT.
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