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Temperature and time dependence of the field-driven magnetization steps in
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For the spin-chain compound §20,04, 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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. INTRODUCTION Ocw= *+80 K (in line with the previous studies witH | c),%1*
) o . o which confirms the strong ferromagnetic character of the in-

Magnetic compounds combining low dimensionality andtrachain coupling. The electronic states of the Co ions at the
geometrical frustration can give rise to complex physicalyg sites(trigonal prisms and octahedrape not yet perfectly
properties. One of the best-known examples is provided bgstablished, but to date, the most widely accepted scheme is
the CSCO)S Compounds, where X is Cl or B’rln these |S|ng the fo”owing: (|) both Co ions are dﬁ (3d6), (”) the Sp“t_
one-dimensional1D) materials, the spin-chains are arrangediing of the 31 electronic levels induced by the crystalline
on a triangular lattice, while both the intrachain and inter-gjectric field(CEF)are very different at the two Co sites. The
chain co_upllngs are.annferromagnetlc. This situation |.nduce§,pper doublet is separated by a gap that is expected to be
geometrical frustration and unusual magnetic behavior. Fogjgnificantly larger for the octahedral environment than for

instance, the magnetization curves of CsGodlllow tem-  the prismatic oné.This must favor the high-spin stat&
peratures show transitions around 33 T and 44 T, that havgz) for the trigonal prisms and the low-spin stg&=0) for

been ascribed to a complex combination of intrachain an
interchain spin rearrangements.

Recently, another family of 1D compounds in which the
chains form a triangular lattice has attracted considerable at-
tention. Its general formula is AABOg, where A is Ca or
Sr, while A and B are transition metal elemefBome 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:~’ Ca,Co,0; is the one of these geometrically
frustrated compounds that has been the most intensively
studied in recent yeafs-1°

CaC0,05 has a rhombohedral structure composed of
[C0,0¢].. infinite chains running along the axis of the cor-
responding hexagonal cell, with the Ca cations located in
between them® The chains are made of alternating, face-
sharing CoQ@ trigonal prisms and Cofoctahedra. Each u H(T)
chain is surrounded by six equally spaced chains forming a ¢
fcriangule_\r lattice in theab Plan?(see inset Of. Fig. 1)_' The FIG. 1. Hysteresis loops recorded with a sweep rate of
intrachain Co-Co separation is0.26 nm, while the inter- ¢ 1 T/min at 2 K(circles)and 10 K(solid line). The arrows indi-
chain distance is-0.52 nm:® cate the direction of the field variation. The inset shows a projection

In CaC0,0g, the intrachain coupling is ferromagnetic of the structure along the hexagomaxis (the dark and light poly-
while the interchain coupling (much weaker) is  hedra represent CqQrigonal prisms and CoQoctahedra, respec-
antiferromagnetié.In the paramagnetic regime, the crystalstively; the grey circles represent the Ca ions; the solid lines empha-
used in the present study exhibit a Curie-Weiss temperatursze the triangular arrangement of the chains inahglane).

the octahedra. As discussed by Aaslatdal.? this picture
appears to be the most likely when considering all the physi-

M {uar‘f.u.)
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cal propertieqeffective momeniu¢;, Saturation magnetiza- Il. EXPERIMENTAL DETAILS
tion Mg,, neutron diffraction dataThere are, however, other

combinations of electronic states that cannot be ruled out at Single crys_tals of C.3£°206 were grown using a flux
this time#6 The magnetic measurements carried out withmethod described previoustyThey have the shape of short

Hilc on the crystals used in the present study showhexagonal rods terminating in three diamondlike faces at
(terl ws)?=37 andMe,/ ug = 4.8 per formula unit. This set €ach end. Because of their small size0.7x 0.7X 1 mn?),
of values is consistent with an alternation betw&sr2 (at ~We have used a set of four crystélse same as that used in
the prismatic sitesand S=0 (at the octahedral sites), if one the heat capacity study reported in Ref. 14). The magnetic
considers for the former site a Landé factpe 2.4 [the cor-  field was applied parallel to the-axis, i.e., the direction of
responding theoretical values ar6ues/ug)>=35 and the chains and of the spins, by using the alignment procedure
Mg,/ ug=4.8 per formula unit]. Note that such a large described in Ref. 14. Approximating the shape of the crystals
value is not unreasonable, since the orbital contribution i®y an ellipsoidi® the demagnetizing factoN along thec
often found to be only partially quenched for €8d®).4°  direction was estimated to be0.25. When the magnetiza-
On the other hand, alternative pictures involving a fraction oftion is large, this shape effect can induce a sizeable differ-
intermediate-spirf{S=1) or high-spin(S=2) states at the oc- ence between the applied external figigH and the average
tahedral sites can also account for the magnetic Hdtais internal fieldB, sinceB=pug[H+(1-N)M]. The present study
clear that more sophisticated investigations will have to bés focused on a regime where the magnetization is of the
carried out to resolve this issye.g., x-ray magnetic dichro- order of Mg,/3~1.6 ug/f.u.~1.2x10° A/m, inducing a
ism experiments on our crystals are in progress). shift betweerB and uqH which remains limited to~0.1 T.

The complete spin Hamiltonian relevant t0Ca,0s has  The magnetization curves(H) were recorded after zero-

yﬁt to be e_stablished._b'l_'lhe fpreshen(f:_elgf a l?rgde diffe”relncediﬁle|d cooling fromT=35 K (i.e., a temperature larger than
the magnetic susceptibility for the field applied parallel an : A )
perpendicular ta, which has been observed at all tempera—TN)’ by using a Vibrating Sample Magnetomet@xford in

tures up to 300 K, suggests that the single-ion anisotropy strumentsgquipped with a 12 T magnet, with different mag-

. S 7 netic field sweep ratedrom 0.01 T/min to 1 T/min). We
related to the CEF at the prismatic sites must be a IeadlngISO recorded cﬁrvese;f magnetic relaxatidt) in f)ixed
term in this spin Hamiltonian. In addition, the ferromagnetic

intrachain coupling,), and the anti-ferromagnetic interchain ge(al\(jisée b%auﬂgg)n?etse(gsgﬁggwugg]s? r(%triaf?;? d’g Cl)?tﬁrfet:)ence
coupling,J’, must be taken into account, as it is this combi- g g P

nation that is at the origin of the 3D magnetic order at Iow5 T. This study was carried out on each branch ofie1)

temperaturé.The hexagonal arrangement of the chains gen1oops. In all cases, the crystals were first zero-field-cooled

erates geometrical frustration, which prevents this order fronﬁrom 35K dow_n to the measuring temperature. Then, the
being complete. Whether or not a model with interaction Mmeasurement field was directly applied in the case of the

that have a strictly Ising character can produce an adequa&eld-mcreasmgﬁl) branch, whereas it was installed after the

description of the magnetic properties ofCa,0g remains crystals had been held in a field of 5 T for 1 min in the case

to be seen. Alternatively, interactions between the spin com(—)f the field-decreasingFD) branch(in 5T, the magnetiza-

ponents perpendicular to tleeaxis may need to be taken into tion is saturated fof_l'>4 K?' The magnetization was then
account. The degree of one-dimensionalilyJ’ ratio) has recorded as a function of time for at least' H&conds. The

yet to be unambiguously established. In a magnetic field, tability of the temperature over this time interval was found

0, -\/S-
Zeeman term must also be included. This external polariza—o be b_ette_r thar_l O'Z/f" Curves bf-vs-T for the range of
tion adds another degree of complexity to the interplay peMmagnetic fields investigated show that such a temperature

; NN 4
tween the first three terms, which generates unusual behavi&jlrlft has a very limited impact oM (.AM/M <107 in all
in magnetic fieldg:8-15 cases). Therefore, the observed variatioivoflong the re-

In a zero field, the main features of the magnetism inlaxatlon curves is an effect of time.
C&Co0,0¢ are the following:(i) a long-range spin ordering

driven by the antiferromagnetic interchain coupling takes IIl. RESULTS
place atTy=26 K;* (ii) the system only reaches a “partially
disordered antiferromagnetic” stateDA) at low T, because Figure 1 shows hysteresis loops recorded at 2 and 10 K,

of the geometrical frustratiohln the PDA staté/ two thirds ~ with a sweep rate of 0.1 T/min. The shape of these curves is
of the ferromagnetic chains are coupled antiferromagnetiin line with the existing literatur&!* When the field is in-
cally, while the remaining third remain incoheregisor- creased at 10 K, the magnetization rapidly reaches a first
dered chains with zero net magnetizajion plateau, before being switched to the saturation vahg,
CaC0,04 shows strikingM(H) curves for T<Ty: at  ~4.8 ug/f.u.) aboveH:=3.6 T. The magnetization on the
“high” temperatures, e.g., 10 K, there is a single, large magplateau is equal te-Mg,/3, a feature that has been ascribed
netization step, which has been attributed to a ferrimagnetito the formation of a ferrimagnetic state, consisting of ferro-
to ferromagnetic transitiohat the lowest temperatures, e.g., magnetic chains with two thirds of them having spins up and
2 K, several new steps appear in thEH) curves?!* The  one third having spins dowhThe magnetization jump to
origin of these latter features is still controversial at theMg,atHc was attributed to a ferrimagnetic-to-ferromagnetic
present time. In this paper we report on an investigation ofransition? The reverse leg of the loop at 10 K shows that
the role of temperature and time on the onset of these madpysteresis is present just belddy and when approaching a
netization steps. zero field. AsT is decreased below 10 K, the hysteresis in-
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FIG. 3. (a) Field-increasing branches of loops recorded at 4 K
: : with different sweep rates: 1 T/migolid line), 0.1 T/min(dashed
2 3 line) and 0.01 T/min(dotted line);(b) field-increasing branches of
HH(T) 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
FIG. 2. Enlargements of hysteresis loops recorded with a sweepyrves on each side .

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 K). In contrast, they remain clearly visible on the FD

branches, respectively. The arrows denote the step flélgsand  branch up to much higher temperatukesg., they are still

Hs (see text). detectable at 10 K It is worth noting that the values of the
critical fieldsHg ~1.2 T andHg,~ 2.4 T are the same at all

creases and occupies the whole field range, while new madgemperatures.

netization steps appear at low fields. The curve at 2 K in Fig. Figure 3(a)shows the FI branches of thd(H) curves

1 illustrates the peculiar magnetic behavior found at veryrecorded with various magnetic-field sweep rates at the in-

low-T in Ca;C0,0g. Below H-=3.6 T, one can clearly ob- termediate temperatuiie=4 K. The steps atlg; andHg, are

serve two additional magnetization stepsHag~1.2 T and  clearly visible for the fastest sweep rate T/min). As the

He~2.4 T. The transition altl; is still present, buM does sweep rate is decreased, these features are progressively

not reachMg,. As H is further increased abovH., less smoothed. The steps iM(H) are still detectable for

pronounced steps in the magnetization can be detected @tl1 T/min, but they have completely disappeared for

characteristic fields of about 4.7 T, 5.9 T and 7.1 T by ex-0.01 T/min. One observes that all three curves cross at the

amining the derivativelM/dH. The saturation magnetization same point, close tbls,.

is reached at 8.5 T. As the field is decreased, clear signatures Figure 3(b)shows the FI branches dfl(H) curves re-

of the characteristic fieldslc, Hg; andHg, are observed in  corded at different temperatures around 4(om 2 to

the magnetization curvéan additional small maximum is 10 K), with the same sweep rat®.1 T/min). As T is in-

also found at-0.85 T in the derivative of the reverse Jeth  creased, the steps are progressively washed out, and the mag-

this very low-T regime (T<10 K), the hysteresis persists netization curve belowHc tends to a single plateau at

down to the zero field, leading to a large remanent magneti~Mg,/3. One also observes that the curves for all tempera-

zation. tures cross at the same point, which is very close to that seen

Let us now consider the intermediate temperature rangen Fig. 3(a).

2 K<T=10 K, in more detail. Figure 2 shows enlargements Figure 4 shows the hysteresis loop recorded at 4 K with

of M(H) curves around the low-field plateau(s), at various0.01 T/min, along with that obtained at 5 K with 0.1 T/min.

temperatures between 5 and 10 K. On the FI branch, thRemarkably, the curves are very similar to one another. They

additional steps atlg; andHg, rapidly disappear as the tem- exhibit the same features, including a peculiar crossing be-

perature is increase@.g., they are no longer detectable attween the field-increasing and field-decreasing curves around
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1 T. The almost perfect superposition of the curves in Fig. 4 gﬁ;ﬁ;ﬁmﬂ
reveals a strong interplay between the effects of time and 1.00+ g oy
temperature. 1
In order to gain a deeper insight into the time effects 098]

present in this material, we have directly recorded magnetic ' _

relaxation curvesM(t), at various temperatures in the range
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FIG. 4. Hysteresis loops recorded at 4 K with 0.01 T/rfgrey 1 04_3
line) and at 5 K with 0.1 T/min(black line). The arrows indicate T ) e 22T
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2-10 K and in various magnetic fields lower theig. We 100 1000

have observed very different behavior at 2 K and 1QiKat (b) time (sec)

10 K, there is almost no relaxation in the field range where

M ~Mg./3. WhenM is away from this ferrimagnetic pla- FIG. 5. Relaxation curves recorded at 4 K in different magnetic

teau(for instance, around 3 T on the FD branch), the relaxields: in (a), the open circles correspond to the field-increasing

ation drivesM towardsM../3; (ii) at 2 K, the relaxation is branch(2.0, 2.3 and'2.7 T from pottom to topnd the filled circles
more pronounced and is qualitatively very different: What-Corréspond to the field-decreasing braqgl and 2.3 T from bot-
ever the magnetic fieldVl increases with time on the FI ©°M [© 10P). The dotted line shows the relaxation at 2 K for 2.7
branch, while it decreases with time on the FD branch. on the fleld-lncrgasmg t_)rancl(b) shows normalized relaxation
The most complex features are found in the relaxatio curves at 4 K(u.smg.the flrs‘t mea§urement taken about 25 S. after
X . . e end of the field installationwhich were recorded on the field-
CUrves ,at mterme(_:hatg tempergtures, n betweelj 2 and 10 Mcreasing branch in different magnetic fields arothg.
This is illustrated in Fig 5(ayvhich shows relaxation curves
recorded at &, on the Fl and FD branches, in several mag-
netic fields aroundis,. On the FD branchiM decreases with
time for all fields aroundHg,.1° On the FI branch, the situa-
tion is more complex since the magnetization at 4 K in-
creases with time foH<Hg (e.g., 2 T, whereas it de-
creases with time foH >Hg, (e.9., 2.7 7. Such a change in
the sign of the relaxation aboves, is typical of the inter- The nature of the magnetic states on the plateaux sepa-
mediate temperatures close to 4 K. As shown in Fg)8he rated byHg, andHg, is not yet clear. The most direct tech-
magnetization at 2 K still increases with time in a field of nique to address such an issue, i.e. neutron diffraction experi-
2.7 T. It should be noted that the field dependence of thenents as a function of the magnetic field, have not been
M(t) curves at 4 K is consistent with the influence of the performed to date, since large enough single crystals are not
sweep rate value on the VSM data, since the magnetizatiopet available. The present magnetization measurements,
steps aHg, andHg, in Fig. 3(a)are found to disappear as the however, provide us with new qualitative information about
timescale of the experiment is increased. Furthermore, ththe crossover with temperature between a regime showing
M(t) curves reveal an intricate time-dependence at 4 K foionly one large step dfi- (e.g., 10 K, and a low-Tregime
the fields close tds, on the FI branch. This is more visible with the additional magnetization stepsk; andHg, (e.g.,
in Fig 5(b) which shows the normalized relaxation curves?2 K).
M(t)/M,, for fields aroundHg,, whereM is the magnetiza- Despite a striking change in the global shapeMiH)
tion value measured about 25 s after the end of the fieldbetween 10 and 2 KFig. 1), a close look at the data dem-
installation. In 2.3 T for instance, one observes a strikingonstrates that the magnetic behavior at these two tempera-
nonmonotonic behaviom first increases in the short-time tures remain closely related to each other: Beyond the clear

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

IV. DISCUSSION
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persistence of the transition Bt down to 2 K, the present (QTM).2%2LIn particular, it is found that the step fields are
data reveals that the step fieldsHy; and Hg, can still be  regularly spaced and are associated with enhancements in the
detected at 10 K on the reverse leg of the Ig6jg. 2(c)].  Value of the relaxation rat&.Note that a roughly constant
These results suggest a continuous crossover between 2 agacing between the steps 1.2 T) is still observed if one
10 K, rather than the occurrence of a true critical temperaturgonsiders the average internal fidd(see Sec. ). The ob-
within this T range. Furthermore, our results demonstrateservation of the QTM requires rather large spin values and a
that this crossover is not only driven by the temperature bustrong uni-axial anisotrop. Such features exist in
is also strongly dependent on time. CaC0,04, owing to its Ising-like nature and the presence of

One of the main findings of the present study is indeed th€ 0" ions in the high spin-statéS=2). The occurrence of
metastable character of the magnetization steps that occ@TM in CaCo,0¢ will have to be further tested by carrying
below Hc. The measurements at 4 K show that the steps a@ut complementary experimengs.g., by investigating the
Hg andHg, progressively disappear with time, and that theexpected influence of an additional transverse magnetic
magnetization actually tends to the ferrimagnetic plateadield).?® As for process(2), it is very likely that this corre-
(Mg,/3) on both branches of the loops. This behavior sug-sponds to establishing the ferrimagnetic stéteo chains
gests that the ferrimagnetic state remains the true ground!P” and one chain “down”through a series of collective
state forH < Hc, even at the lowesE. Furthermore, the simi- Spin reversals along some of the chains. For a frustrated,
lar roles played by temperature and time indicates that thésing-like spin-chain compound, such a mechanism has to
relaxation mechanism pushing to M,/3 is a thermally —face sizeable energy barriers which can lead to a freezing of
activated process. This is spectacularly confirmed by Fig. 4he spins aJ is decreaseé’ The existence of a Frozen Spin
where it is shown that a variation in temperature can betate withTes~5-7 K has been reported in previous studies
exactly counterbalanced by a variation in the timescale of th€f Ca;C0,0.%%1*1>Below Tes, the global freezing of the
measurement. spin system hinders proce&®), which allows the develop-

TheM(t) relaxation curves, recorded for fixed valuedbf ~ment of the magnetization steps via procesg
and T, were found to be consistent with the VSM data. At  Let us now comment on the crossing point found in the
high-T (e.g., 10 K, M(t) systematically tends tM,/3 (i.e., M(H) plane for curves recorded with different sweep rates at
for all values ofH and on both the FI and FD branches of the4 K and different temperatures around 4(Kig. 3). In spite
loops). At low-T (e.g., 2 K), the M(t) curves exhibit a very of i'_[s striking character, this fixed point of approximate co-
different behavior, since the magnetization is systematicallPrdinates(HyMs./3) may be seen as a “natural” conse-
found to increase with time on the FI branch, while it de-guence of the fact that the magnetization plateaus related to
creases on the FD leg. It must be emphasized that this type &TM atHg, turn out to be located around the 3D equilibrium
relaxation acting at very low-Tcan moveM away from  Vvalue, i.e.Ms,/3. The point is that the values of the magne-
Mg./3. For instance, at 2 K on the FI branch, the initial tization plateaux between each resonance field have no spe-
magnetization in 3 T is~2.10 ug/f.u. (i.e., larger than cial significance within the framework of a QTM process
Mq./3~1.6 ug/f.u.), and M increases with time up to (i.e. they are essentially governed by the tunneling rate and
~2.22 uglf.u. fort~10*s. the magnetic field sweep rat€)The crossing found for dif-

On the basis of our results, we propose that the shape derent sweep rates at 4 ig. 3(a)Jmay be seen as an in-
the M(H) curves of CgCo,0q for T<10 K andH<Hc re-  terplay between the two relaxation processes: NheH)
sults from a combination of two relaxation procesgdg:a  curve at short time shows steps related to QiVparticular
mechanism by whiciM increases with time on the Fl branch acrossMsa/3 at Hg), while the thermally activated relax-
and decreases with time on the FD branch, for all field val-ation process driveB! towardMg,/3 as a function of time.
ues;(2) a standard thermally activated relaxation by whichAccordingly, M increases with time foH<Hg [where
M tends to the 3D equilibrium valugie., Mg /3 for M(t~0)<Mg,/3] whereas it decreases with time for
H<H,). H>Hy, [whereM(t~0)>Mg,/3]. This leads to a crossing

A thermally activated phenomenon like procgg3 be-  point close tadHg Mg,/ 3). Since this behavior is related to a
comes less and less efficient in overcoming the barriefs as thermally activated mechanism, a crossing at the same point
is decreased. One can consider that only pro¢ksss at  is also expected for curves recorded at different temperatures
work for standard “experiment times” at 2 K. At “high” tem- around 4 K[Fig. 3(b)]. It should be emphasized that there is
peraturege.g., 10 K, the opposite situation applies. Processno similar crossing point dtlg;, which can be ascribed to the
(2) is dominant, leading to a fast setting of the equilibrium fact thatM(t~0) <Mg,/3 for both magnetization plateaux
ferrimagnetic state on both branches of thH) loops. related to QTM around this magnetic field.
Once it is installed, this long-range ordered, stable state, can The shape of #(t) curve driven by QTM is known to be
impede the effect of proceqd). The intermediate regime potentially affected by the evolution of the internal fietd
aroundT=4 K corresponds to the peculiar situation whereduring the relaxatiod? To our knowledge, however, this ef-
the two relaxation processes have a comparable influendect cannot account for a change in the sign of the relaxation
over the value oM within the experimental time-window. rate. On the other hand, the picture given above, based on the

Let us now comment on the possible origins of each ofinterplay between two independent relaxation processes
these relaxation processes. Several features observed at vémamely, QTM towarddMg,; and a collective, thermally ac-
low T (e.g., 2 K) suggest that proces$) could be related to tivated process towardslg,/3), can give rise to complex
the phenomenon of Quantum Tunneling of MagnetizationM(t) curves if this competition operates over the experimen-
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tal time window. In fields close tél,,, M(t~0) at 4 K is  larly pronounced on the field-increasing branch, for fields
slightly larger thanMg,/3. Therefore, the QTM makeB! lower thanHc.
increase with time whereas the thermally activated relaxation Our investigation of the magnetization as a function of
makesM decrease with time. The combination of these ef-temperature and time suggests that there is a continuous
fects can give rise to nonmonotonM(t) curves such as crossover between these two regimes, which is driven not
those reported in Fig. 5(b). only by the temperature but also depends on time. More
It must be noted that significant differences were foundprecisely, we propose that the various shapes ofMiiel)
between the FI and FD branches. In particular, the magnetieurves found foiT < Ty andH <H are the result of a com-
zation steps atg andHg, remain visible at a much higher petition between two relaxation mechanisms.
temperature on the FD branch than on the Fl(lge Fig. 2). (1) A T-independent relaxation process, leading to a mag-
On the FD branch, the spin system starts from a fully polarnetization increase on the field-increasing branch and a de-
ized state, for which the ferromagnetic intrachain coupling iscrease on the field-decreasing branch. This process may cor-
totally satisfied, in contrast to the FI branch which startsrespond to spin-flips related to the phenomenon of the
from the PDA staté! Accordingly, the onset of the ferrimag- Quantum Tunneling of Magnetization.
netic state on the FD branch requires the complete reversal of (2) A thermally activated relaxation process, pushiig
some of the ferromagnetic chairffom the “up” to the to M,/3 on both branches of thd(H) cycles. This process
“down” configuration), whereas it only involves a ferromag- is associated with the onset of the ferrimagnetic state, which
netic alignment of incoherent chains in the case of the Fievelops by domino-like spin reversals along the chains.
branch. The energy cost associated with firg spin rever- At high-T (e.g., 10 K, the spin system is rapidly driven
salis thus lower in the latter case. This may explain why theinto the ferrimagnetic state through procg€3, while, at
thermally activated process leading to the ferrimagnetic stat®w-T (e.g., 2 K), the spin freezingwhich starts developing

is more efficient on the FI branch. below Tes~5-7 K) allows proces$l) to generate magneti-
zation steps for regularly spaced field values. At intermediate
V. CONCLUSION temperatures close =4 K, the influence of each of these

two processes becomes comparable. The combination of
their effects can account fai) the fact that the appearance
of additional steps in th&(H) curves depends on the times-
cale of the experimentsii) the observation of unusual non-
monotonic relaxation curves.

Local investigations of the spin ordering and spin dynam-
ics in CaCo,0¢ are highly desirable to confirm this scenario.

For T lower than the 3D ordering temperaturg=26 K,
the frustrated, Ising-like spin-chain compound;Ca,0Og ex-
hibits two different types oM(H) curves when the field is
applied along the axis (direction of the chains and of the
spins). In the high-TFange(illustrated byT=10 K), M(H) is
principally characterized by a magnetization jump Hat
=3.6 T, betweerM,/3 andMg,; (Mg, being the saturation
magnetization). In the low-Tange(illustrated byT=2 K), We acknowledge the financial support of the EPSRC
M(H) becomes strongly hysteretic and exhibits several additUnited Kingdom)and the DRI of CNRSFrance)for this
tional magnetization steps. These new features are particproject.
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