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Magnetic quantum tunneling in CazCo,0¢ studied by ac susceptibility: Temperature
and magnetic-field dependence of the spin-relaxation time

V. Hardy and D. Flahaut
Laboratoire CRISMAT, UMR 6508, Boulevard du Maréchal Juin, 14050 Caen Cedex, France

M. R. Lees and O. A. Petrenko
Department of Physics, University of Warwick, Coventry, CV4 7AL, United Kingdom
(Received 20 July 2004; revised manuscript received 22 October 2004; published 30 December 2004

The geometrically frustrated spin-chain compound@=aOg was recently found to exhibit properties sug-
gesting the phenomenon of quantum tunneling of the magnetizg®M). The present paper addresses this
issue by investigating the temperature and magnetic-field dependence of the characteristic spin-relaxation time
7. This study is based on the analysis of the out-of-phase ac magnetic susceptibility of single crystals. The
overall behavior is found to support the occurrence of QTM iRGLeOg: (i) saturation ofr at low T; (ii)
observation of identicat values in the magnetic fields corresponding to the steps iiMtlvs H curve at low
T, (iii) existence of a dip centered at zero field in thes H curve at lowT. These QTM-like features found
in CaC0,0¢ are compared to those previously reported in other materials such as single-molecular magnets.

DOI: 10.1103/PhysRevB.70.214439 PACS nuniber75.60.—d, 75.45.+]

I. INTRODUCTION frustration, however, this order is not complete. The most
likely configuration is the onset of a “partially disordered
Geometrically frustrated magnetic materials have atantiferromagnetic’(PDA) state'°® where two-thirds of the
tracted considerable attention in recent years, owing to thé&erromagnetic chains are coupled antiferromagnetically,
peculiar properties that are often displayed by theseavhile the remaining third are incohereftisordered chains
systems. Most of the studies reported so far have been carwith zero net magnetizatioy.As T is lowered belowTy,
ried out on three-dimensional or two-dimensional systemshort-range ordering progressively develops along the inco-
(pyrochlore and Kagomé-like structures, respectiveBeo-  herent chains, until the appearance of a spin-freezing phe-
metrical frustration, however, can also be found in one-homenon aroundg~7-8 K&1112 No other transition is
dimensional systems, namely, Ising-like chains, when thepbserved down to 2 K. Within the rangese<T<T), the
are arranged on a hexagonal lattice with an antiferromagnetiapplication of a magnetic field alongbreaks the frustration
interchain couplind. It was recently emphasized that this and leads to the onset of a ferrimagnetic St&teharacter-
particular situation is encountered in some members of thized by a magnetization plateauMt/3 (Msis the saturation
family of oxides of general formuld’;ABO;, whereA' is magnetization~4.8 ug/f.u.). Increasing the magnetic field
Ca or Sr, whileA and B can be transition metal elemerits. still further leads to a jump in magnetization frols/3 to
One of this family of compounds that has been intensivelyMs at Hc=3.6 T, which was ascribed to the transition be-
studied is CgC0,04.47" tween the ferrimagnetic and ferromagnetic statészor T
The structure of Cf£0,04 consists of chains made up of <Tsg hysteresis appears on tM(H) curves and the field-
CoQ; trigonal prisms alternating with CgQOoctahedra, induced plateau d¥ls/3 is progressively replaced by a suc-
which run along thec axis of the hexagonal cellThese cession of magnetization steps with a roughly constant field
chains are separated by the Ca ions and they form a hexagspacing(uoAH ~ 1.2 T).”821 This is one of the features that
nal lattice on theab plane. Although it remains a matter for has led us to discuss the possible occurrence of a quantum
debate, the Co ions are usually reported to be trivalent fotunneling of the magnetizatiofTM) in Ca;C0,0¢.%*
both sites>”818 Owing to the difference in the crystalline This tunneling process corresponds to a reversal of
electric field(CEF)on the two sites, the C&3d®) ions are the spin direction across the energy barrier associated
expected to be in the high-spin state for the prismatic sitewith the CEF-induced single-ion anisotroffy?® In a first
and in the low-spin state for the octahedral st&ach mag- approximation, QTM is expected to take place in resonant
netic chain alongc can thus be seen as an alternation be-magnetic fields given byoH=n(D/gug), wheren is an
tweenS=2 andS=0, with the spins oriented along the chain integer, D the single-ion anisotropy, andj the Landé
direction. The intrachain couplingis ferromagnetic and us- factor. In recent years, QTM has been intensively studied
ing an exchange Hamiltonian of the form 3§S;, analysis in  single-molecular ~magnets (SMM's), such as
of the paramagnetic regime leads de-15 K,” while the  [Mn;,(CH3COO)4H,0),0;,]- 2CH,COOH - 450 (usually
interchain coupling)’ is antiferromagnetic and weakéhe  referred to as Mp,).>>?* These molecular systems are par-
field-induced transition to the ferromagnetic state at 6w ticularly suitable for the study of QTM because they consti-
suggests thal’ ~-0.2 K).’ tute dense collections of identical and independent magnetic
As T is decreased in zero field, a long-range magnetigarticles having a large spin and a sizable uniaxial anisotropy
ordering takes place =26 K.°> Owing to the geometrical (e.g.,S=10 andD ~ 0.6 K for Mn,,).2324Recently, some in-
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dications of a QTM process were reported in very different L L L

materials, namely, the oxides k6,0, (Ref. 25) and 5 i
Dy, Ti,0,.28 It is worth noting that these “spin ice” materials
and CgCo,04 are systems exhibiting geometrical frustration 4

as well as a large single-ion anisotropy. A peculiarity of
CaC0,0¢ is that the signatures of QTM were found &t

< Ty, Which is puzzling at first glance. It must be kept in
mind, however, that the ordering &t is only partial since
one-third of the chains are left incoherent in the PDA state.
This situation clearly illustrates how geometrical frustration 14
can favor the development of QTM in crystalline systems, by
allowing the persistence of magnetic degrees of freedom at 04 o
low T (in our case, the existence of “free” chains embedded 0 2 4 6 8 10TK12 14 16 18 20 22
in an ordered matrixj’ ®)

At present, however, it must be recognized that the very g 1. )/ data in zero field, recorded at different frequencies:

existence of QTM in CgCo,0g is still a matter for debate. .01 Hz(squares), 0.1 Hecircles), 1 Hz (triangles up), 10 Hri-
Therefore, in order to provide additional data addressing thigngles down), 100 Hediamonds), 1000 Hzstars).

issue, we carried out a detailed investigation of the Tow-
spin dynamics in C#&£0,04 single crystals. The study re-

%' (emu/mol)

ported in the present paper was based on ac susceptibility . RESULTS
data taken as a function of frequenty, temperaturgT), ) ) ]
and dc magnetic fielduoH). Figure 1 showsy’(T) curves recorded in zero field at
different frequencies between 0.01 and 1000 Hz. This data
ll. EXPERIMENTAL DETAILS set is in qualitative agreement with the previous results ob-

tained in crystafsand ceramicd® Beyond a large shift with
frequency in the location of the peak, a peculiar behavior is
observed at low temperatures: as the frequency is decreased,
performed in two steps, first down to 930 °C at?0/h and there is a substantial increase in the susceptibility accompa-

then down to room temperature at 100/h. Wetook crys-  Nied by the appearance of an upward curvatureyff).

tals having a needlelike shape with the longest dimensiorUCh features point to an intringuing change in the spin dy-
(typically 4 mm) along c. Because of their small size, we Namics within th,|s lowT range. In the present paper, we have
used an assembly of 13 crystalgiving a total mass focused on 'the(’ _data whlc_:h al]ow a Q|rect extractrlon of the
~27 mg). The ac susceptibility measuremefits phasey’ _characte_rlstlc sp_m-relaxaﬂon time. F_|gure 2 shofiurves
and out of phasg”) were recorded by means of a supercon-IN Z&ro field, which were recorded either versus temperature
ducting quantum interference devi¢8QUID-)based com- at constant frequenayop panel)r versus frequency at con-
mercial devicgQuantum Design), with a constant excitation Stant temperaturebottom panel). We note that the present
field of h,=3Oe, and frequencies ranging from X' (T) curves are consistent with the previous ddfa
0.01 to 1000 Hz. Measurements were carried out at temperaz 1 H2) obtained on single crystafsis a general rulé? a
tures down to 2 K and in dc magnetic fields up to a fewPe€ak inx"(T) or x"(f) corresponds to a situation where the
teslas. The single crystals were optically aligned with teir Characteristic spin-relaxation timeis equal to the character-
axis oriented along the magnetic fieldge and dc). The data istic time of the measuremelt/2«f). In the course of the
were recorded either versus temperature at a fixed frequen@judy, we realized that the location of the peaky/(ir) or

or versus frequency at a fixed temperature. All the measurex’(f) can be substantially affected by the time spent atTow
ments in nonzero dc magnetic fields were recorded after &igure 3 illustrates this effect in the case gf(f) by
zero-field cooling from 35 k& Ty. The curves registered in  showing—at three different temperatures—the curves re-
zero field as a function of the temperature were recordedorded after a waiting time equal to 0, 2, or 4 h. This effect
upon cooling fromT>Ty. The effective cooling rate for of time was found to be substantial only within the range
these measurements was quite lgw., ~1.5 K/h). We note T~10+2 K.

that curves obtained when increasing the temperature after When comparing the data of Figs. 2@)d 2(b), one can
such a procedure were found to be superimposed on thos#hserve significant differences in the valuexdffor certain
recorded upon cooling. The curves registered in zero field asombinations of temperature and frequency. For 1000 Hz,
a function of the frequency were recorded by starting fromthe agreement between both sets of data is excellent at all
0.1 Hz. Then, it typically took 1 h to scan the frequency uptemperatures, and it remains quite good for 100 Hz. For
to 1000 Hz. For each curve, the crystals were first warmedower frequencies, however, a discrepancy appear§ at
up to T>Ty and then directly cooled down to the desired <10 K. In the range 8—10 K, we suggest that this difference
temperature. As a result, the effective cooling rate for thecan be ascribed to an effect of relaxation. It was shown in
x(f) curves was substantially larger than for @) curves  Fig. 3 thaty” increases significantly with time in the range
(e.g., the cooling down to 2 K typically took 1 h in the 10+2 K, for frequencies lower than50 Hz. Since the cool-
former case instead of 20 h in the latter). ing rate is much slower for thg”(T) curves than for the

Single crystals of C#0,05 were grown by heating a
mixture of CgCo,04 and K,COs, in a weight ratio of 1/7, at
950 °C for 50 h in an alumina crucible in air. The cooling is
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FIG. 4. Temperature dependence of the characteristic spin-
relaxation time in zero field, which was derived from the location of
the peaks iny’(T) or x'(f). The squares come frod’(T) curves
such as those of Fig. 2(8)(Tna) =1/27f]; the circles come from
x'(f) curves such as those of Fig. 2(b)(T)=1/27f,]; and the
diamonds fromy”(f) curves recorded after either O, 2, or 4 h, such
as in Fig. 3. The solid line shows the Arrhenius regime, while the
dashed line corresponds to the quantum regime associated with a
constant relaxation times~ 0.4 s.

x" (emu/mol)

are also observed at lower temperatuges., in the range
2—6 K), in a regime where no sizable relaxation effect was
detected. Experimental results indicate that this behavior are
not associated with the fact that the data are collected versus
FIG. 2. ¥ data in zero field(a) y/(T) curves recorded at dif- T or f, but is instead an effect that is relate_d to the cooling
ferent frequencies: 0.01 Hquares), 0.1 Hzcircles), 1 Hz (tri-  'ate value. We have checked that the cooling rates used to

angles up), 10 Hz (triangles down), 100 ktiamonds), 1000 Hz record they”(T) curves do indeed influence thé values at

(stars).(b) x"(f) curves recorded at different temperatures: 2.25 Klow T. At 1 Hz, for instance, &"(T) curve recorded with a

(squares), 3.5 Kcircles), 6 K(triangles up), 8 K(triangles down), fast cooling leads to values at low (i.e., in the 2—-6 K

10 K (diamonds), 11.5 Kstars), 13 K(triangles right). range)that are as large as those found in Fig. 2(b). For this
low-T range, it thus appears that the cooling rate should be

¥'(f) ones, the influence of this relaxation must be more'@darded as a parameter affecting the preparation of the mag-
visible in the former case, which might explain the largér ~ N€tic system. For any disorderedr partially disordered)
values seen in Fig. 2(ap( 8 and 10 K, forf <10 Hz). On ground state, it is known that the rate at which the system

the other hand, variations g’ between Figs. 2(aand 2(b) ~ Crosses the freezing temperature is an important parameter.
In our case, the cooling rate can thus be expected to affect

e — the frozen-spin statél < T~ 7-8 K) and thereby its mag-
netic responsén particulary”). In the next section, we will
come back to these effects of the cooling rate.

From the location of the peaks in theg'(T) or x"(f)

1.6 1

=12+ curves, we extracted the temperature dependence of the spin-
E relaxation time(T)=1/2=f. The results are shown in7avs

g 06- 1/T plot in Fig. 4. At the highest temperatures, there is an
e Arrhenius regime of the form=7, exp(A/T), where the best

= fit gives 7o~2x108s andA~135 K. As T is decreased,

the data exhibit a splitting into two branches: one branch
appears as an extrapolation of the Arrhenius regime found at
higherT, while the second corresponds to the emergence of a
temperature-independent spin-relaxation tirge- 0.4 s.

The shape ofy’(f) at the lowestT, however, shows that
we are not simply dealing with one characteristic time. For
FIG. 3. Y'(f) curves at three temperatures in zero field. At eachinstance, the peak iy’(f) at 2.25 K displayed in Fig. 5 is

temperature, curves were recorded after a waiting time equal to zeforoader than the expectation for a single relaxation {inee,
(squares), 2 ficircles), and 4 hdiamonds). a half width at half maximum close to 0.57 decades in

o
~
1

T N IIIlI"I ' ML | LA | T
0.1 1 10 100 1000

214439-3



HARDY et al. PHYSICAL REVIEW B 70, 2144392004)

16 T T T T T 14 T T

max

lll "

3
E
£ o
2 - E
:, AA“‘
0 T T T
0.01 01 1 10 100

FIG. 5. x'(f) in zero field at 2.25 K. The solid line is a fit to the
data assuming the existence of a distribution funcgéon in the 7
values(see text). A normalized plot of this function is shown in the
inset.

%" (emu/mol)

frequency® We also checked that the Argand pigt’ vs . . ;
x') displays a flattened portion instead of the perfect semi- 001 01 1 10 100 1000

circle expected for a single characteristic tifiaVhatever f(Hz)

the r.‘at“re of the dissipation mec.haf“sm’ sugh features can be FIG. 6. Top panel: Normalized frequency dependencg’oih
ascribed to the e_X|_ste|flce of a_dlstrlbutlghr) m the values zero field at 10 K(solid triangles), 7 K(open circles), and 5 K
of the characteristic time. Using the analysis proposed bysojig squares). Bottom paney’(f) curve in zero field af=7 K.
Huseret al. for spin glasse&? the width of the distribution  The solid line is the theoretical curve derived from a fit to the data
around7s is characterized by a parameter(whose value for f>f,.

increases from 0 to 1 as the width varies from zero to infin-

ity) leading to

o
o

cos@m2) The second part of our work was devoted to a study of the
am - . influence of dc magnetic fields on the dissipative behavior at
cosh[(1 —a)In(27frg)] + sin(am/2) low temperatures. We performed this studyfat2 K, a tem-

The best fit to the data a&F=2.25 K (see Fig. 5)gives a perature at which thM(H).curve exhibits steps for regularly
~0.55. This value corresponds to the distribution functionSPaced values df, in particular for 0, 1.2, and 2.4 ¥.The
g(7) shown in the inset of Fig. 5. dynamical character of these magnetization steps is sup-
We have also noted an anomaly in the evolution of thepqrted by the_faqt that they cannot be clearly deteqted when
shape ofy”(f) as a function ofT: Fig. 6 shows normalized using magnetlc-ﬂeld sweep rates that are 100 I_é?g%igure
curves ofy”/ xp.x Vs T/ fmax @t three temperatures around the ! show§x (T) curves that were recorded at 2 K in sevgral de
splitting point in Fig. 4. One observes that the curve at 10 gmagnetic fields ranging from 010 2.6 T. This series of
is very symmetrical whereas a distortion takes place between
the f>f . and f <f,. portions of the curves a¥ is re-
duced. This asymmetry is found to be maximalTat 7 K.
The lower panel of Fig. 6 shows thg(f) data at 7 K along
with the theoretical”(f) curve («=0.53) obtained when fit-
ting the data forf>f,,. The shift appearing fof <f,
between the experimental and calculated curves can be ac-
counted for by considering that a smooth peak centered
around 0.03 Hz is superimposed onto a symmetrical bell-like
curve. Such a behavior suggests the presence of two maxima
in x'(f), i.e., the existence of a competition between two
dissipation mechanisms in a certain temperature range. It
should be emphasized that such a feature is in agreement
with the coexistence of two branches in Fig. 4. From a quan-
titative point of view, it must also be noted that the location

X'(f) =

1.6 T T T

x" (emu/mol)

of the broad maximum af~0.03 Hz leads tor~5s atT FIG. 7. ¥'(f) curves at 2 K in a series of magnetic fields applied
=7 K, which gives a point lying on the “Arrhenius-like along thec axis. The inset shows rescaled curves for Qsfars),
branch” atT <T.ss(see Fig. 4). 1.2 T (triangles up), and 2.3 Ttriangles down).
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oo T T T (AT max/ Tma /A logyo f was found to be~0.178 which is
much larger than the expectation for a standard spin gfass.
Such a value points to a superparamagnetic behavior, as sug-
gested earlier by Maignagt al. in their single-crystal stud.
In CasCoRhQ;, Sampathkumaraet al. also reported results
typical of the dynamics of superparamagnetic clustersrfor
< Ty, as well as the existence of a spin-freezing phenomenon
at a lower temperaturé€Tgp).3? Other experimental results,
however, were found to remain consistent with a spin-glass-
like behavior, suggesting the existence of an “exotic” spin-
glass state, including in the case of;Ca,0g. 2

More recently, an investigation of the spin dynamics in
CaC0,04 crystals(down to temperatures lower than those
o4+ - - of the previous studied)as revealed a saturation of the spin-
-0.04 -0.02 0.00 0.02 0.04 relaxation timé! This feature, however, emerged from the

1, H(T) combination of two types of measurements: ac susceptibility

[xX'(T)] and dc relaxation of the magnetizatipv (t)]. In the
present work, the temperature dependence of the spin-
relaxation time is derived only from the analysis @df data,
over the wholeT range down to 2 K. These results clearly
confirm that, ag decreases{T) shows an Arrhenius regime

. . followed by a saturation to a constant valag The cross-
curves reveals a strongly nonmonotonic evolution of the

shape ofy(f) asH is increased. The most salient feature i Over between these activated and quantumlike regimes takes
. ' . lace atT,ss~ 8 K, i.e., close to the spin-freezing tempera-
that the curves recorded in 1.2 and 2.3i’E., close to step P cress P 9 P

. : . : ! ture Tge found in magnetization and specific heat
fleldg) clearly differ frory tr,)ose obtained in the other fields. studiesS1112The data of Fig. 4 are in good agreement with
The inset displays thg"/ xi.x VS f curves forusH=0,1.2,

) ; T . i h I fitis ~0.4
and 2.3 T. This scaling shows that the characteristic splnOur previous study except about the valuergfit is ~0.4 s

relaxation time as well as the global shapex5ff) are al- in the present study, while it was reported to&000 s in

. the previous oné! We emphasize, however, that this previ-
most the same for these three fields. In the other magnetig sy aiue was derived from the analysis of dc relaxation
fields, they” values are very small. With a SQUID-based ac ;e using a model-dependent expressionMer/ 7). In
susceptometer as presently used, we note that the Combin@(intraét ther(T) values of the present work were derived
tion of large dc field, low temperature, and low frequency I

from a direct analysis of” over the wholeT range, which

favors the appearance of significant phase shifts which carn- -res the values—0.4 s more reliable.

not be easily corrected when the amplitude of the signal is -~ . i
too small®* This feature hindered a precise analysis of the Another finding of the present study is the overlap be

”(f) curves(and in particular an estimate of the character—tWeen the Arrhenius regime and the emergence of a
X! . np ; o T-independent spin-relaxation time. We stress that the coex-
istic spin-relaxation timerecorded in large magnetic fields

istence of activated and quantum regimes of relaxation is not
well away from the resonances.

8 : __unexpected from a theoretical point of viéwTIo date, how-

. Fprtunately,MoH-O T is expected to b? a resonant field ever, such a behavior has not been reported in the widely
within the framework of QTM theor§? In this case, one can investigated SMM's. In C#C0,04, this coexistence of both
use values OH that remain small enpug_h to allow a quanti- over- and underbar.rier mechar?i,sr(ﬁédependent and in-
tative a?aly5|s ofy"(f) and the der!vatlon (_)fT(H)' At T _ dependent, respectivel\gpenerates two diverging branches
:_2 K, x'(f) curves were recorded in a series of magnEt'Cbelochross~8 K on ther vs 1/T plot. It is worth noticing
fields arounduoH=0 T (for these measurements, we used &t Snyderet al26 have recently emphasized a related fea-
linear frequency increment of0.017 Hz). Figure 8 Shows (e in their study of the geometrically frustrated pyrochlore
the 7 v_alues derived from the location of _the_ maximum in py. i 0,. These authors did note the existence of a broad
X'(f), i.e., 7(H)=1/2mfma(H). The key point is that(H)  pymp coexisting with a sharper peak on ti&f) curve at
exhibits a clear dip at,H=0T, as 1S expected for a QTM 1=17 K <T, =13 K. This behavior clearly bears a close
process around a resonant fiéfd: similarity with the results found aT=7 K=<Tg<8 K in
Ca&C0,0.

Within the Arrhenius regimér=7, exp@A/T)], the values
of 7, (2x10°8s) andA (135 K) in CaCo,04 are not very

Previous studies have reported ac susceptibility measurelifferent from those reported in SMM’s. For instancs,
ments in CgCo,04 (Refs. 8, 13, and 21and related com- ~2x10's andA~60 K in Mn,,. However, this may be
pounds, such as @aoRhQ (Ref. 32) and CaColrOgs3®  coincidental since G&0,04 corresponds to a very different
They demonstrated the existence of a slow spin relaxation ahagnetic situation. In G&0,0¢, the superparamagnetic re-
low temperatures, with a large frequency dependence of thgime involves lIsing-like spin chains with a ferromagnetic
maximum (Ta) Of X'(T). In CaCo,06, the parameter intrachain coupling, in addition to the single-ion anisotropy.

FIG. 8. Field dependence afat T=2 K. The data were derived
from the location of the maximum iny”(f) curves [#(H)
=1/27f adH)].

IV. DISCUSSION

214439-5
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In a recent paper addressing this particular situatfahwas  at 10 and 1 Hzi.e., 7,,< 7o), Whereas they are largest for
found thatA depends on botll and D. In the case of the “slow cooling” preparatiorfx”(T) curves]at 0.1 and
CaC0,0¢, a direct determination db by independent mea- 0.01 Hz(i.e., 7, 7o). This apparent interplay between the
surementge.g., electronic paramagnetic resonance or inelascooling rate,r,,, and 75 will have to be investigated in more
tic neutron scatteringy not yet available, which prevents us detail.

from making a reliable quantitative analysis of thevalue. The similarity between thg”(f) curves recorded at 2 K
Coulonet al. have also shown that finite-size effects relatedin 0, 1.2, and 2.3 T points to the same dissipative mechanism
to the presence of defects can induce a crossover within th@r the fields corresponding to the steps in #¢H) data,
activated regime of single-chain magnets combining singleyhereas the curves in intermediate fields are very different.
ion anisotropy and ferromagnetic coupliffgn our casgsee  sych behavior adds further strong support to the existence of
Fig. 4), we have no indication of such a crossover within theQTM in Ca,C0,04. Within the framework of QTM theory,
purely activated regime(T>Tgosd, While the apparent he magnetization steps originate from a decreasevimen
change in slope of I vs 1/T below T¢oss(down to~4 K)  the field is equal to a resonant val{igoH=n(D/gug)].22

is too large to be consistent with the expectations of Ref. 34y investigation of the field dependencerafhowed a clear
(i.e., much larger than a factor of 2). To investigate the posyip at u,H=0 T, exactly as expected for a QTM process
sible occurrence of a crossover related to defects iRjpce zero field is a resonant field=0). We note that the
CaC0,04, measurements should be carried out at larger freanalysis of ac susceptibility data in Mnled to the same
quencies in order to access the activated regime over a Widgfanavior® In Mn,,, the dip in zero field yields a variation in
range of temperatured > 13 K). _ ~ 7by about a factor of 5 over a width 0£0.2 T. Even quan-

In other respects, the value of found in CaCo,0¢ is titatively, the results in C&£0,05 are comparable since
much smaller than all the results reported for SMM’s. Inygries by about a factor of 3 over a width 6f0.1 T. With
Mn;,, for instance s is estimated to be about 16, while it sych a typical width for the QTM process around each step
is of the order of 10s in Fe.** On the other handss  field, one can estimate that the magnetization stepd (i)
~0.4s is larger than the value-0.005s reported for ghould hardly develop for sweep rates much larger than
Dy,Ti,O,.% It is difficult to account for these huge differ- _q 1 T/7,=0.25 T/s. This rough estimate turns out to be
ences between materials, since the expected valueg &e  ompatible with the fact that the characteristic steps close to
strongly dependent on the perturbative terms of the Hamilq 5 gnd 2.4 T aT=2 K were clearly visible in our measure-
tonian, which determine the tunneling procg¢sgher-order  nents by means of a vibrating sample magnetom@telud-
spin term, transverse field, spin-phonon in'[eractionsing for the largest sweep rate equal to 0.017)RBtswhile

etc.)?2241t turns out that the nature of the additional inter- they were difficult to detect in pulsed-field experimetttse
action which governss cannot be easily identifie(even in  |oyest sweep rate being 5 T/¥

the widely investigated SMM’s this issue is still intensively

debated). Furthermore, we cannot expagpriori that this

mecharjism vyill be the same for SMM'’s anq for one- or V. CONCLUSION
three-dimensional geometrically frustrated oxides.

Another striking result displayed by the ac susceptibility ~The spin dynamics of G&0,0Og have been investigated
data of CgCo,04 is the pronounced time dependence ofby analyzing the dissipative component of the ac magnetic
x'(f) in a particularT range(~10+2 K). It should be em- susceptibility. In zero field, the temperature dependence of
phasized that a drastic influence of the waiting time in magthe spin-relaxation timér) shows a crossover between an
netization measurements has been observed within the saraetivated (Arrhenius-like) regime and a quantum(T-

T range! With the crystals of the present study, we con-independentyegime, aroundT s~ 8 K. This behavior is
firmed that the dc relaxation in low field$ Oe is particu-  consistent with a QTM process. Moreover, the influence of
larly pronounced around 10 Kvariation of M by ~50%  the magnetic field on the spin dynamics at Idwis also
over 4 ). The location of thisT range neafl,.s~8 K sug-  found to be consistent with the expectations for a QTM pro-
gests that this time effect may be related to the competitioigess:(i) the dissipation mechanism is the same in magnetic
between the activated and quantum regimes. However, théelds corresponding to magnetization steps M(H); (ii)

way these mechanisms interact together to give rise to sucHH) exhibits a dip afugH=0 T.

an unusual relaxation effect remains unclear at the present Therefore, the present study adds further support to the
time. The influence of the cooling rate on tievalues in the  view that QTM occurs in C#&0,0¢. This spin-chain com-
low-T range(T<6 K) is another phenomenon which needs pound can thus be regarded as an example of a geometrically
to be clarified. We suggest that it may be related to the facfrustrated material exhibiting a QTM-like proce8<® In

that the cooling rate throughout the spin-freezing proces€aCo,0g, the magnetic centers undergoing QTM should re-
(i.e., aroundTge~7-8 K) is able to modify the degree of side within the incoherent chains of the PDA state. The basic
disorder in the magnetic state at IoWv We note that the units are the high-spin G6(S=2) but macrospins made up
impact ony” is quite complex since it is found to depend on of n ferromagnetically coupled neighbo(S=2n) may also

the characteristic time of the measurement=1/2=f) with  play a role?! This issue remains to be clarified.

respect to the characteristic spin-relaxation time associated In Ca;C0,0g, the spin-relaxation time of the quantum re-
with QTM (75~0.4 9. The )’ values observed at loW  gime(7g~0.4 9 is found to be much smaller than in single-
are largest for the “fast cooling” preparatigg’(f) curves] molecular magnetsi lies within a time window that is well
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suited to experiments. This small valuemfalso contributes we emphasize that the recent results found irG2s04 and

to the fact that the quantum regime extends up to rather higbDy,Ti,O, (Ref. 26)encourage a wider investigation of the
temperatures in G&0,05 (T¢0ss~8 K), which is another occurrence of QTM in other geometrically frustrated mag-
advantage from an experimental viewpoint. In conclusionnetic oxides.
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