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For the spin-chain compound Ca3Co2O6, the magnetization curves as a function of the magnetic field are
strongly out-of-equilibrium at low temperature, and they exhibit several steps whose origins are still a matter
for debate. In the present paper we report on a detailed investigation of the temperature and time dependence
of these features. First, it is found that some of the magnetization steps can disappear as the characteristic time
of the measurement is increased. A comparison of the influence of temperature and time points to the existence
of a thermally activated process that plays an important role in determining the form of the magnetization
curves. Second, direct investigations of the magnetic response as a function of time show that this thermally
activated process competes with a second relaxation mechanism of a very different nature, which becomes
dominant at the lowest temperatures. These results shed new light on the peculiar magnetization process of this
geometrically frustrated, Ising-like spin-chain compound.
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I. INTRODUCTION

Magnetic compounds combining low dimensionality and
geometrical frustration can give rise to complex physical
properties. One of the best-known examples is provided by
the CsCoX3 compounds, where X is Cl or Br.1 In these Ising
one-dimensional(1D) materials, the spin-chains are arranged
on a triangular lattice, while both the intrachain and inter-
chain couplings are antiferromagnetic. This situation induces
geometrical frustration and unusual magnetic behavior. For
instance, the magnetization curves of CsCoCl3 at low tem-
peratures show transitions around 33 T and 44 T, that have
been ascribed to a complex combination of intrachain and
interchain spin rearrangements.2

Recently, another family of 1D compounds in which the
chains form a triangular lattice has attracted considerable at-
tention. Its general formula is A83ABO6, where A8 is Ca or
Sr, while A and B are transition metal elements.3 Some mem-
bers of this family possess a pronounced Ising-like character
with the spins parallel to the chains, while the intrachain and
interchain coupling is ferromagnetic and antiferromagnetic,
respectively.4–7 Ca3Co2O6 is the one of these geometrically
frustrated compounds that has been the most intensively
studied in recent years.4,8–15

Ca3Co2O6 has a rhombohedral structure composed of
fCo2O6g` infinite chains running along thec axis of the cor-
responding hexagonal cell, with the Ca cations located in
between them.16 The chains are made of alternating, face-
sharing CoO6 trigonal prisms and CoO6 octahedra. Each
chain is surrounded by six equally spaced chains forming a
triangular lattice in theab plane (see inset of Fig. 1). The
intrachain Co-Co separation is,0.26 nm, while the inter-
chain distance is,0.52 nm.16

In Ca3Co2O6, the intrachain coupling is ferromagnetic
while the interchain coupling (much weaker) is
antiferromagnetic.4 In the paramagnetic regime, the crystals
used in the present study exhibit a Curie-Weiss temperature

uCW. +80 K (in line with the previous studies withH ic),9,11

which confirms the strong ferromagnetic character of the in-
trachain coupling. The electronic states of the Co ions at the
two sites(trigonal prisms and octahedra) are not yet perfectly
established, but to date, the most widely accepted scheme is
the following: (i) both Co ions are Co3+ s3d6d; (ii ) the split-
ting of the 3d electronic levels induced by the crystalline
electric field(CEF) are very different at the two Co sites. The
upper doublet is separated by a gap that is expected to be
significantly larger for the octahedral environment than for
the prismatic one.4 This must favor the high-spin statesS
=2d for the trigonal prisms and the low-spin statesS=0d for
the octahedra. As discussed by Aaslandet al.,4 this picture
appears to be the most likely when considering all the physi-

FIG. 1. Hysteresis loops recorded with a sweep rate of
0.1 T/min at 2 K(circles) and 10 K(solid line). The arrows indi-
cate the direction of the field variation. The inset shows a projection
of the structure along the hexagonalc-axis (the dark and light poly-
hedra represent CoO6 trigonal prisms and CoO6 octahedra, respec-
tively; the grey circles represent the Ca ions; the solid lines empha-
size the triangular arrangement of the chains in theab plane).
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cal properties(effective momentmef f, saturation magnetiza-
tion Msat, neutron diffraction data). There are, however, other
combinations of electronic states that cannot be ruled out at
this time.4,16 The magnetic measurements carried out with
H ic on the crystals used in the present study show
smef f/mBd2.37 andMsat/mB.4.8 per formula unit. This set
of values is consistent with an alternation betweenS=2 (at
the prismatic sites) andS=0 (at the octahedral sites), if one
considers for the former site a Landé factorg.2.4 [the cor-
responding theoretical values aresmef f/mBd2.35 and
Msat/mB.4.8 per formula unit]. Note that such a largeg
value is not unreasonable, since the orbital contribution is
often found to be only partially quenched for Co3+s3d6d.4,9

On the other hand, alternative pictures involving a fraction of
intermediate-spinsS=1d or high-spinsS=2d states at the oc-
tahedral sites can also account for the magnetic data.11 It is
clear that more sophisticated investigations will have to be
carried out to resolve this issue(e.g., x-ray magnetic dichro-
ism experiments on our crystals are in progress).

The complete spin Hamiltonian relevant to Ca3Co2O6 has
yet to be established. The presence of a large difference in
the magnetic susceptibility for the field applied parallel and
perpendicular toc, which has been observed at all tempera-
tures up to 300 K,9 suggests that the single-ion anisotropy
related to the CEF at the prismatic sites must be a leading
term in this spin Hamiltonian. In addition, the ferromagnetic
intrachain coupling,J, and the anti-ferromagnetic interchain
coupling,J8, must be taken into account, as it is this combi-
nation that is at the origin of the 3D magnetic order at low
temperature.4 The hexagonal arrangement of the chains gen-
erates geometrical frustration, which prevents this order from
being complete. Whether or not a model with interactions
that have a strictly Ising character can produce an adequate
description of the magnetic properties of Ca3Co2O6 remains
to be seen. Alternatively, interactions between the spin com-
ponents perpendicular to thec-axis may need to be taken into
account. The degree of one-dimensionality(J/J8 ratio) has
yet to be unambiguously established. In a magnetic field, a
Zeeman term must also be included. This external polariza-
tion adds another degree of complexity to the interplay be-
tween the first three terms, which generates unusual behavior
in magnetic fields.4,8–15

In a zero field, the main features of the magnetism in
Ca3Co2O6 are the following:(i) a long-range spin ordering
driven by the antiferromagnetic interchain coupling takes
place atTN.26 K;4 (ii ) the system only reaches a “partially
disordered antiferromagnetic” state(PDA) at low T, because
of the geometrical frustration.9 In the PDA state,17 two thirds
of the ferromagnetic chains are coupled antiferromagneti-
cally, while the remaining third remain incoherent(disor-
dered chains with zero net magnetization).

Ca3Co2O6 shows strikingMsHd curves for T,TN: at
“high” temperatures, e.g., 10 K, there is a single, large mag-
netization step, which has been attributed to a ferrimagnetic
to ferromagnetic transition;4 at the lowest temperatures, e.g.,
2 K, several new steps appear in theMsHd curves.9,11 The
origin of these latter features is still controversial at the
present time. In this paper we report on an investigation of
the role of temperature and time on the onset of these mag-
netization steps.

II. EXPERIMENTAL DETAILS

Single crystals of Ca3Co2O6 were grown using a flux
method described previously.11 They have the shape of short
hexagonal rods terminating in three diamondlike faces at
each end. Because of their small sizes,0.730.731 mm3d,
we have used a set of four crystals(the same as that used in
the heat capacity study reported in Ref. 14). The magnetic
field was applied parallel to thec-axis, i.e., the direction of
the chains and of the spins, by using the alignment procedure
described in Ref. 14. Approximating the shape of the crystals
by an ellipsoid,18 the demagnetizing factorN along thec
direction was estimated to be,0.25. When the magnetiza-
tion is large, this shape effect can induce a sizeable differ-
ence between the applied external fieldm0H and the average
internal fieldB, sinceB=m0fH+s1−NdMg. The present study
is focused on a regime where the magnetization is of the
order of Msat/3,1.6 mB/ f.u.,1.23105 A/m, inducing a
shift betweenB andm0H which remains limited to,0.1 T.
The magnetization curvesMsHd were recorded after zero-
field cooling from T=35 K (i.e., a temperature larger than
TN), by using a Vibrating Sample Magnetometer(Oxford In-
struments) equipped with a 12 T magnet, with different mag-
netic field sweep rates(from 0.01 T/min to 1 T/min). We
also recorded curves of magnetic relaxationMstd in fixed
fields, by using a Superconducting Quantum Interference
Device magnetometer(Quantum Design) in fields of up to
5 T. This study was carried out on each branch of theMsHd
loops. In all cases, the crystals were first zero-field-cooled
from 35 K down to the measuring temperature. Then, the
measurement field was directly applied in the case of the
field-increasing(FI) branch, whereas it was installed after the
crystals had been held in a field of 5 T for 1 min in the case
of the field-decreasing(FD) branch(in 5 T, the magnetiza-
tion is saturated forTù4 K). The magnetization was then
recorded as a function of time for at least 104 seconds. The
stability of the temperature over this time interval was found
to be better than 0.2%. Curves ofM-vs-T for the range of
magnetic fields investigated show that such a temperature
drift has a very limited impact onM (DM /M ,10−4 in all
cases). Therefore, the observed variation ofM along the re-
laxation curves is an effect of time.

III. RESULTS

Figure 1 shows hysteresis loops recorded at 2 and 10 K,
with a sweep rate of 0.1 T/min. The shape of these curves is
in line with the existing literature.9,11 When the field is in-
creased at 10 K, the magnetization rapidly reaches a first
plateau, before being switched to the saturation valuesMsat

,4.8 mB/ f.u.d aboveHC.3.6 T. The magnetization on the
plateau is equal to,Msat/3, a feature that has been ascribed
to the formation of a ferrimagnetic state, consisting of ferro-
magnetic chains with two thirds of them having spins up and
one third having spins down.4 The magnetization jump to
Msat at HC was attributed to a ferrimagnetic-to-ferromagnetic
transition.4 The reverse leg of the loop at 10 K shows that
hysteresis is present just belowHC and when approaching a
zero field. AsT is decreased below 10 K, the hysteresis in-
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creases and occupies the whole field range, while new mag-
netization steps appear at low fields. The curve at 2 K in Fig.
1 illustrates the peculiar magnetic behavior found at very
low-T in Ca3Co2O6. Below HC.3.6 T, one can clearly ob-
serve two additional magnetization steps atHS1,1.2 T and
HS2,2.4 T. The transition atHC is still present, butM does
not reachMsat. As H is further increased aboveHC, less
pronounced steps in the magnetization can be detected at
characteristic fields of about 4.7 T, 5.9 T and 7.1 T by ex-
amining the derivativedM /dH. The saturation magnetization
is reached at 8.5 T. As the field is decreased, clear signatures
of the characteristic fieldsHC, HS1 andHS2 are observed in
the magnetization curve(an additional small maximum is
also found at,0.85 T in the derivative of the reverse leg). In
this very low-T regime sT!10 Kd, the hysteresis persists
down to the zero field, leading to a large remanent magneti-
zation.

Let us now consider the intermediate temperature range,
2 KøTø10 K, in more detail. Figure 2 shows enlargements
of MsHd curves around the low-field plateau(s), at various
temperatures between 5 and 10 K. On the FI branch, the
additional steps atHS1 andHS2 rapidly disappear as the tem-
perature is increased(e.g., they are no longer detectable at

5 K). In contrast, they remain clearly visible on the FD
branch up to much higher temperatures(e.g., they are still
detectable at 10 K). It is worth noting that the values of the
critical fieldsHS1,1.2 T andHS2,2.4 T are the same at all
temperatures.

Figure 3(a) shows the FI branches of theMsHd curves
recorded with various magnetic-field sweep rates at the in-
termediate temperatureT=4 K. The steps atHS1 andHS2 are
clearly visible for the fastest sweep rates1 T/mind. As the
sweep rate is decreased, these features are progressively
smoothed. The steps inMsHd are still detectable for
0.1 T/min, but they have completely disappeared for
0.01 T/min. One observes that all three curves cross at the
same point, close toHS2.

Figure 3(b) shows the FI branches ofMsHd curves re-
corded at different temperatures around 4 K(from 2 to
10 K), with the same sweep rates0.1 T/mind. As T is in-
creased, the steps are progressively washed out, and the mag-
netization curve belowHC tends to a single plateau at
,Msat/3. One also observes that the curves for all tempera-
tures cross at the same point, which is very close to that seen
in Fig. 3(a).

Figure 4 shows the hysteresis loop recorded at 4 K with
0.01 T/min, along with that obtained at 5 K with 0.1 T/min.
Remarkably, the curves are very similar to one another. They
exhibit the same features, including a peculiar crossing be-
tween the field-increasing and field-decreasing curves around

FIG. 2. Enlargements of hysteresis loops recorded with a sweep
rate of 0.1 T/min at 5 K(a), 7.5 K (b) and 10 K (c). The dashed
lines and solid lines are the field-increasing and field-decreasing
branches, respectively. The arrows denote the step fieldsHS1 and
HS2 (see text).

FIG. 3. (a) Field-increasing branches of loops recorded at 4 K
with different sweep rates: 1 T/min(solid line), 0.1 T/min(dashed
line) and 0.01 T/min(dotted line); (b) field-increasing branches of
loops recorded with a sweep rate of 0.1 T/min at various tempera-
tures(2, 3, 4, 5 and 10 K). The arrows indicate the ordering of these
curves on each side ofHS2.
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1 T. The almost perfect superposition of the curves in Fig. 4
reveals a strong interplay between the effects of time and
temperature.

In order to gain a deeper insight into the time effects
present in this material, we have directly recorded magnetic
relaxation curves,Mstd, at various temperatures in the range
2–10 K and in various magnetic fields lower thanHC. We
have observed very different behavior at 2 K and 10 K:(i) at
10 K, there is almost no relaxation in the field range where
M ,Msat/3. WhenM is away from this ferrimagnetic pla-
teau(for instance, around 3 T on the FD branch), the relax-
ation drivesM towardsMsat/3; (ii ) at 2 K, the relaxation is
more pronounced and is qualitatively very different: What-
ever the magnetic field,M increases with time on the FI
branch, while it decreases with time on the FD branch.

The most complex features are found in the relaxation
curves at intermediate temperatures, in between 2 and 10 K.
This is illustrated in Fig 5(a) which shows relaxation curves
recorded at 4K, on the FI and FD branches, in several mag-
netic fields aroundHS2. On the FD branch,M decreases with
time for all fields aroundHS2.

19 On the FI branch, the situa-
tion is more complex since the magnetization at 4 K in-
creases with time forH,HS2 (e.g., 2 T), whereas it de-
creases with time forH.HS2 (e.g., 2.7 T). Such a change in
the sign of the relaxation aboveHS2 is typical of the inter-
mediate temperatures close to 4 K. As shown in Fig. 5(a), the
magnetization at 2 K still increases with time in a field of
2.7 T. It should be noted that the field dependence of the
Mstd curves at 4 K is consistent with the influence of the
sweep rate value on the VSM data, since the magnetization
steps atHS1 andHS2 in Fig. 3(a) are found to disappear as the
timescale of the experiment is increased. Furthermore, the
Mstd curves reveal an intricate time-dependence at 4 K for
the fields close toHS2 on the FI branch. This is more visible
in Fig 5(b) which shows the normalized relaxation curves
Mstd /M0, for fields aroundHS2, whereM0 is the magnetiza-
tion value measured about 25 s after the end of the field
installation. In 2.3 T for instance, one observes a striking
nonmonotonic behavior:M first increases in the short-time

range, before decreasing at longer-time. These crossovers
take place at times as long as several thousand seconds.

IV. DISCUSSION

The nature of the magnetic states on the plateaux sepa-
rated byHS1 andHS2 is not yet clear. The most direct tech-
nique to address such an issue, i.e. neutron diffraction experi-
ments as a function of the magnetic field, have not been
performed to date, since large enough single crystals are not
yet available. The present magnetization measurements,
however, provide us with new qualitative information about
the crossover with temperature between a regime showing
only one large step atHC (e.g., 10 K), and a low-T regime
with the additional magnetization steps atHS1 andHS2 (e.g.,
2 K).

Despite a striking change in the global shape ofMsHd
between 10 and 2 K(Fig. 1), a close look at the data dem-
onstrates that the magnetic behavior at these two tempera-
tures remain closely related to each other: Beyond the clear

FIG. 4. Hysteresis loops recorded at 4 K with 0.01 T/min(grey
line) and at 5 K with 0.1 T/min(black line). The arrows indicate
the direction of the field variation.

FIG. 5. Relaxation curves recorded at 4 K in different magnetic
fields: in (a), the open circles correspond to the field-increasing
branch(2.0, 2.3 and 2.7 T from bottom to top) and the filled circles
correspond to the field-decreasing branch(2.0 and 2.3 T from bot-
tom to top). The dotted line shows the relaxation at 2 K for 2.7 T
on the field-increasing branch;(b) shows normalized relaxation
curves at 4 K(using the first measurement taken about 25 s. after
the end of the field installation), which were recorded on the field-
increasing branch in different magnetic fields aroundHS2.
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persistence of the transition atHC down to 2 K, the present
data reveals that the step fields atHS1 and HS2 can still be
detected at 10 K on the reverse leg of the loop[Fig. 2(c)].
These results suggest a continuous crossover between 2 and
10 K, rather than the occurrence of a true critical temperature
within this T range. Furthermore, our results demonstrate
that this crossover is not only driven by the temperature but
is also strongly dependent on time.

One of the main findings of the present study is indeed the
metastable character of the magnetization steps that occur
below HC. The measurements at 4 K show that the steps at
HS1 andHS2 progressively disappear with time, and that the
magnetization actually tends to the ferrimagnetic plateau
sMsat/3d on both branches of the loops. This behavior sug-
gests that the ferrimagnetic state remains the true ground
state forH,HC, even at the lowestT. Furthermore, the simi-
lar roles played by temperature and time indicates that the
relaxation mechanism pushingM to Msat/3 is a thermally
activated process. This is spectacularly confirmed by Fig. 4
where it is shown that a variation in temperature can be
exactly counterbalanced by a variation in the timescale of the
measurement.

TheMstd relaxation curves, recorded for fixed values ofH
and T, were found to be consistent with the VSM data. At
high-T (e.g., 10 K), Mstd systematically tends toMsat/3 (i.e.,
for all values ofH and on both the FI and FD branches of the
loops). At low-T (e.g., 2 K), the Mstd curves exhibit a very
different behavior, since the magnetization is systematically
found to increase with time on the FI branch, while it de-
creases on the FD leg. It must be emphasized that this type of
relaxation acting at very low-T can moveM away from
Msat/3. For instance, at 2 K on the FI branch, the initial
magnetization in 3 T is,2.10mB/ f.u. (i.e., larger than
Msat/3,1.6 mB/ f.u.), and M increases with time up to
,2.22mB/ f.u. for t,104 s.

On the basis of our results, we propose that the shape of
the MsHd curves of Ca3Co2O6 for Tø10 K andHøHC re-
sults from a combination of two relaxation processes:(1) a
mechanism by whichM increases with time on the FI branch
and decreases with time on the FD branch, for all field val-
ues; (2) a standard thermally activated relaxation by which
M tends to the 3D equilibrium value(i.e., Msat/3 for
H,Hc).

A thermally activated phenomenon like process(2) be-
comes less and less efficient in overcoming the barriers asT
is decreased. One can consider that only process(1) is at
work for standard “experiment times” at 2 K. At “high” tem-
peratures(e.g., 10 K), the opposite situation applies. Process
(2) is dominant, leading to a fast setting of the equilibrium
ferrimagnetic state on both branches of theMsHd loops.
Once it is installed, this long-range ordered, stable state, can
impede the effect of process(1). The intermediate regime
aroundT=4 K corresponds to the peculiar situation where
the two relaxation processes have a comparable influence
over the value ofM within the experimental time-window.

Let us now comment on the possible origins of each of
these relaxation processes. Several features observed at very
low T (e.g., 2 K) suggest that process(1) could be related to
the phenomenon of Quantum Tunneling of Magnetization

(QTM).20,21 In particular, it is found that the step fields are
regularly spaced and are associated with enhancements in the
value of the relaxation rate.22 Note that a roughly constant
spacing between the stepss,1.2 Td is still observed if one
considers the average internal fieldB (see Sec. II). The ob-
servation of the QTM requires rather large spin values and a
strong uni-axial anisotropy.20 Such features exist in
Ca3Co2O6, owing to its Ising-like nature and the presence of
Co3+ ions in the high spin-statesS=2d. The occurrence of
QTM in Ca3Co2O6 will have to be further tested by carrying
out complementary experiments(e.g., by investigating the
expected influence of an additional transverse magnetic
field).20 As for process(2), it is very likely that this corre-
sponds to establishing the ferrimagnetic state(two chains
“up” and one chain “down”) through a series of collective
spin reversals along some of the chains. For a frustrated,
Ising-like spin-chain compound, such a mechanism has to
face sizeable energy barriers which can lead to a freezing of
the spins asT is decreased.23 The existence of a Frozen Spin
state withTFS,5–7 K has been reported in previous studies
of Ca3Co2O6.

8,9,14,15 Below TFS, the global freezing of the
spin system hinders process(2), which allows the develop-
ment of the magnetization steps via process(1).

Let us now comment on the crossing point found in the
MsHd plane for curves recorded with different sweep rates at
4 K and different temperatures around 4 K(Fig. 3). In spite
of its striking character, this fixed point of approximate co-
ordinatessHs2;Msat/3d may be seen as a “natural” conse-
quence of the fact that the magnetization plateaus related to
QTM at Hs2 turn out to be located around the 3D equilibrium
value, i.e.Msat/3. The point is that the values of the magne-
tization plateaux between each resonance field have no spe-
cial significance within the framework of a QTM process
(i.e. they are essentially governed by the tunneling rate and
the magnetic field sweep rate).20 The crossing found for dif-
ferent sweep rates at 4 K[Fig. 3(a)] may be seen as an in-
terplay between the two relaxation processes: TheMsHd
curve at short time shows steps related to QTM(in particular
acrossMsat/3 at Hs2), while the thermally activated relax-
ation process drivesM towardMsat/3 as a function of time.
Accordingly, M increases with time forH,Hs2 [where
Mst,0d,Msat/3] whereas it decreases with time for
H.Hs2 [whereMst,0d.Msat/3]. This leads to a crossing
point close tosHs2;Msat/3d. Since this behavior is related to a
thermally activated mechanism, a crossing at the same point
is also expected for curves recorded at different temperatures
around 4 K[Fig. 3(b)]. It should be emphasized that there is
no similar crossing point atHs1, which can be ascribed to the
fact thatMst,0d,Msat/3 for both magnetization plateaux
related to QTM around this magnetic field.

The shape of aMstd curve driven by QTM is known to be
potentially affected by the evolution of the internal fieldB
during the relaxation.24 To our knowledge, however, this ef-
fect cannot account for a change in the sign of the relaxation
rate. On the other hand, the picture given above, based on the
interplay between two independent relaxation processes
(namely, QTM towardsMsat and a collective, thermally ac-
tivated process towardsMsat/3), can give rise to complex
Mstd curves if this competition operates over the experimen-
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tal time window. In fields close toHs2, Mst,0d at 4 K is
slightly larger thanMsat/3. Therefore, the QTM makesM
increase with time whereas the thermally activated relaxation
makesM decrease with time. The combination of these ef-
fects can give rise to nonmonotonicMstd curves such as
those reported in Fig. 5(b).

It must be noted that significant differences were found
between the FI and FD branches. In particular, the magneti-
zation steps atHS1 andHS2 remain visible at a much higher
temperature on the FD branch than on the FI leg(see Fig. 2).
On the FD branch, the spin system starts from a fully polar-
ized state, for which the ferromagnetic intrachain coupling is
totally satisfied, in contrast to the FI branch which starts
from the PDA state.17 Accordingly, the onset of the ferrimag-
netic state on the FD branch requires the complete reversal of
some of the ferromagnetic chains(from the “up” to the
“down” configuration), whereas it only involves a ferromag-
netic alignment of incoherent chains in the case of the FI
branch. The energy cost associated with thefirst spin rever-
sal is thus lower in the latter case. This may explain why the
thermally activated process leading to the ferrimagnetic state
is more efficient on the FI branch.

V. CONCLUSION

For T lower than the 3D ordering temperatureTN.26 K,
the frustrated, Ising-like spin-chain compound Ca3Co2O6 ex-
hibits two different types ofMsHd curves when the field is
applied along thec axis (direction of the chains and of the
spins). In the high-T range(illustrated byT=10 K), MsHd is
principally characterized by a magnetization jump atHC
.3.6 T, betweenMsat/3 andMsat (Msat being the saturation
magnetization). In the low-T range(illustrated byT=2 K),
MsHd becomes strongly hysteretic and exhibits several addi-
tional magnetization steps. These new features are particu-

larly pronounced on the field-increasing branch, for fields
lower thanHC.

Our investigation of the magnetization as a function of
temperature and time suggests that there is a continuous
crossover between these two regimes, which is driven not
only by the temperature but also depends on time. More
precisely, we propose that the various shapes of theMsHd
curves found forT,TN andH,HC are the result of a com-
petition between two relaxation mechanisms.

(1) A T-independent relaxation process, leading to a mag-
netization increase on the field-increasing branch and a de-
crease on the field-decreasing branch. This process may cor-
respond to spin-flips related to the phenomenon of the
Quantum Tunneling of Magnetization.

(2) A thermally activated relaxation process, pushingM
to Msat/3 on both branches of theMsHd cycles. This process
is associated with the onset of the ferrimagnetic state, which
develops by domino-like spin reversals along the chains.

At high-T (e.g., 10 K), the spin system is rapidly driven
into the ferrimagnetic state through process(2), while, at
low-T (e.g., 2 K), the spin freezing(which starts developing
belowTFS,5–7 K) allows process(1) to generate magneti-
zation steps for regularly spaced field values. At intermediate
temperatures close toT=4 K, the influence of each of these
two processes becomes comparable. The combination of
their effects can account for(i) the fact that the appearance
of additional steps in theMsHd curves depends on the times-
cale of the experiments;(ii ) the observation of unusual non-
monotonic relaxation curves.

Local investigations of the spin ordering and spin dynam-
ics in Ca3Co2O6 are highly desirable to confirm this scenario.
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