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Pretransitional short-range ordering in a triangular lattice of Ising spin chains

V. Hardy,* V. Caignaert, O. Pérez, L. Hervé, N. Sakly, and B. Raveau
Laboratoire CRISMAT, UMR 6508, CNRS, 6 Boulevard Maréchal Juin, 14050 Caen Cedex, France

Md. M. Seikh
Department of Chemistry, Visva-Bharati, Santiniketan-731235, West Bengal, India

F. Damay
Laboratoire Léon Brillouin, CEA Saclay, CNRS UMRI12, F-91191 Gif-sur-Yvette, France

M (Received 10 July 2018; published 9 October 2018)

Sr,Ca,CoMn, 09 is made of Ising spin chains distributed on a triangular lattice, with antiferromagnetic
coupling between them. In spite of a unique interchain distance, this compound exhibits two peculiarities
making it deviate from the textbook case of geometrical frustration expected in ideal triangular lattices: first,
there are three subclasses of chains shifted from each other along the chain direction; second, these chains fall
into two categories which differ by some of the intrachain distances between spins. These features are found
to confer a character of centered honeycomb lattice on this system of spin chains. Experimental investigation
of the magnetism of Sr,Ca,CoMn,0y reveals a peculiar pretransitional regime, which is manifested by a
frequency-dependent peak of susceptibility. We put this behavior in relation with the formation of short-range
one-dimensional ferromagneticlike segments taking place a few degrees above the Ty . This phenomenon is itself
regarded as a precursor effect of the long-range ordering, induced by the particular topology of the spin system.
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I. INTRODUCTION

Geometrical frustration (GF) is a long-standing issue in
magnetism, which is also often used as a prototypical illustra-
tion of the role of entropy in statistical physics [1]. In simple
words, GF corresponds to the inability for a spin system to
find a structure fully satisfying all the interaction links at
the same time. The reasons for such a situation are only
related to the topology of the links combined with the signs
of the couplings. For GF, not only disorder is useless, but it
rather tends to blur the specific manifestations of this type of
frustration.

The most famous situation of GF takes place in two dimen-
sions (2D), when considering a perfect triangular lattice with
antiferromagnetic coupling between Ising spins [1,2]. Most
of the theoretical works have dealt with pure 2D lattices [3],
while real-life materials are by essence 3D, which requires
the introduction of some interlayer coupling. As long as this
interaction remains weak, one is dealing with the so-called
stacked-triangular-lattice models, but, at the other limit, when
this perpendicular coupling becomes the predominant one, a
more relevant description is that of spin chains lying on a
triangular lattice.

The archetypical example of this latter situation is the
ABX; family (A being an alkali metal, B a transition metal,
and X a halogen) [4]. Some of these compounds are made
of Ising spins (e.g., CsCoCls or CsCoBr3) [5], and they
were involved in the development of the concept of partially
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disordered antiferromagnetic (PDA) state [6]: This is a long-
range magnetic order associated with antiferromagnetic (AF)
interchain coupling, in which two-thirds of the chains are AF
coupled, while the last third is made of incoherent chains, i.e.,
along which the spins randomly vary between 4 and | to keep
a zero net magnetization.

The 2H-perovskite related oxides constitute another fam-
ily of spin chains on triangular lattices which has received
increasing attention since the end of the 1990s [7]. The
chains in these compounds are made of a stacking of face-
sharing trigonal prisms (TP) and octahedra (Oh). It is a huge
family, structurally more complex and varied than the AB X3
since numerous stacking motifs between TP and Oh can be
stabilized [8]. The simplest configuration is found in the
compounds of formulation A3 A’ BOg showing a regular alter-
nation 1TP-10h (hereafter referred to as the “Qg”). This sub-
class has been the most widely investigated so far, in particular
those compounds showing an Ising character associated with
the presence of cobalt on the TP, such as Ca;Co,0g¢ [9,10],
Ca3zCoRhOg [11,12], and CazCoMnOg [13].

To date, the subclass of formulation A4A’B,Og (referred
to as “Og”), made of repeating units 1TP-20h, has attracted
less attention [14,15]. Recently, we have reinvestigated the
compound Sr4,CoMn, 0y motivated by the puzzling spin dy-
namics reported by Boulahya et al. [16]. This compound
exhibits a marked Ising character and does not show any
sign of long-range ordering (LRO). Analysis of the dc and
ac susceptibilities led us to interpret the dynamical response
in terms of blocking effects, involving either the chains or
the Co?* themselves [17]. Both mechanisms were placed
in relation with generic behaviors usually reported in
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molecular compounds, i.e., single-chain magnet (SCM) [18]
and single-ion magnet (SIM) [19], respectively. Making use
of chemical pressure effects, progressive substitution of Ca
for Sr was carried out to increase the interchain coupling. Such
Sry_,Ca,CoMn, 09 compounds were obtained for x up to 2.7,
and it was found that LRO emerges for x>1.5, leading to a
disappearance of SCM but a persistence of SIM signatures
[20].

The present paper aims at providing a closer look at this
LRO. By combining samples of improved chemical homo-
geneity, additional experimental techniques, and increased
resolution in temperature, it is shown that the transition is
actually made of two closely spaced features. We found that
this splitting can be regarded as a short-range ordering (SRO)
taking place a few kelvin above the LRO. The study was
performed in Sr,Ca;CoMn, Oy, for which these two features
are separated by about 4 K. This is a type of precursor effect
in the magnetic transition of spin-chain compounds.

II. EXPERIMENTAL DETAILS

The Sr,Ca;CoMn, 09 samples were synthesized by stan-
dard solid-state reaction from stoichiometric mixtures of
CaCOs;, SrCOj3, Co304, and MnO, following a previously
described procedure [17]. The chemical homogeneity and
crystallinity of these compounds are highly sensitive to the
intermediate grinding/heating steps, as well as to the final
heating conditions. For the samples used in the present study,
intermediate grindings and heatings at 1000 °C for 24 h were
repeated three times. Care was also taken to ensure that the
last sintering step took place at high enough temperature and
for long enough time (1250 °C and 40 h, respectively) to
yield excellent crystallinity (see Supplemental Material [21]).
The cationic ratio was determined from energy-dispersive
spectroscopy using an analyser Link ISIS mounted on an
electron microscope (Oxford Instruments).

Powder x-ray diffraction (PXRD) patterns were registered
with a Panalytical X’Pert Pro diffractometer under a
continuous scanning mode in the 26 range 10°-120° and step
size A(20) = 0.017° with Cu K, radiation. Powder neutron-
diffraction (PND)-experiments were carried out with the
high-resolution powder diffractometer HRPT at Paul-
Scherrer-Institute  (PSI,  Villigen), using A = 1.494 A
[Ge(533)]. Additional PND experiments were conducted at
Laboratoire Léon Brillouin (LLB, CEA-Saclay) to investigate
the magnetic structure. These experiments were carried out
on the powder diffractometer G 4.1 using A = 2.426 A,
at 25 temperatures between 300 and 2 K. The structural
characterization was carried out by combining PXRD and
PND data recorded at room temperature. The refinements of
the atomic positions (see Supplemental Material [21] for all
the crystallographic data) were obtained in the frame of a
multidimensional approach developed for aperiodic systems
(see Ref. [17] for details of the procedure).

Specific heat measurements were carried out in a Physical
Properties Measurements System (PPMS, Quantum Design),
by using a relaxation method with a 2-t analysis. The dc
magnetization measurements were recorded using a supercon-
ducting quantum interference device magnetometer (MPMS,
Quantum Design). ac susceptibility measurements were
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FIG. 1. (a) Side view of the type of spin chains encountered
in Sr,Ca,CoMn, 0. They are made of a regular stacking of face-
sharing octahedra (hosting Mn**) and trigonal prisms (hosting Co**)
in a ratio 2:1. (b) Perpendicular view showing the triangular arrange-
ment of these chains, separated by columns of randomly mixed Sr**
and Ca?* (green circles). Also highlighted is the presence of three
subclasses of chains (labeled 1 to 3), which are in equal proportions.
Panel (c) exhibits the offset present (along the ¢ axis) between
neighboring chains. There is also an intrinsic difference between
the chains 1 for which there is a unique nn Co-Mn interdistance
(A family) and the chains 2 and 3 (B family) which contain two
Co-Mn spacings (see text). As schematically shown in panel (d), if
the chains A are taken as a reference for the z coordinate (A, = 0),
the B chains are shifted by 8 ~ 1.9 A in two opposite directions. The
spatial arrangement between the A and B chains on the triangular
lattice is also displayed.

conducted in the MPMS and in the PPMS, using in both
cases an excitation field equal to h,. = 10 Oe. Aggregating
data from these two devices allows covering a broad range of
frequency (10~'-10* Hz). Harmonics of the ac susceptibility
were also investigated in the PPMS. Considering an excitation
field in the form A(t) = h,.cos(wt), the general magnetic re-
sponse can be written as M (t) = Z:ozl Xnwhaccos(nwt + ¢,).
We have considered in the present study the amplitude of
the second and third harmonics, i.e., x2, and x3,. Having
a residual field as low as possible is crucial to get reliable
“zero-field” data. In devices hosting superconducting coils (5
and 9 T for MPMS and PPMS, respectively) pinned vortices
can generate a nonzero remanent field. Even after proper de-
magnetizing procedures, this Hi.p, cannot be decreased below
about +1.5 and +4 Oe in the MPMS and PPMS, respectively.
Zero-field measurements were thus recorded by applying a
compensation field Heomp = — Hrem to get a residual field that
should be limited to values similar to earth’s field.

III. STRUCTURAL FEATURES

The spin chains in Sr,Ca;CoMn,Og are made of face-
sharing TP (hosting the Co®>*) and Oh (hosting the Mn**),
stacked in a regular sequence of 1 TP for 2 Oh [Fig. 1(a)].
These chains are distributed on a triangular lattice, and
columns made of a random mixture of Sr>* and Ca?* are lo-
cated between them [Fig. 1(b)]. The situation is complexified
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by two important features. First, there are three subclasses
of chains, which differ by relative shifting along the ¢ axis
(chain direction). The spatial arrangement of these subclasses
(labeled 1, 2, and 3) is shown in Figs. 1(b) and 1(c). Such
shiftings between neighboring chains are a common feature
of all the compounds of the “2H” family, which has already
attracted attention in the Og compounds [22]. Second, all
the chains are not strictly equivalent when considering the
intercationic distance: there is a unique Co-Mn distance in
chains 1 (d = 2.62 A), whereas chains 2 and 3 exhibit an
alternation between long and short Co-Mn spacings (denoted
d; =2.78 A and dg = 2.48 A, respectively) [17]. The former
category will be referred to as the A chains and the latter as the
B chains. Such an intrinsic difference between chains (beyond
relative offsets in their positioning along the ¢ axis) was not
reported in the Og family. Note that the difference between
the two categories of chains in Sr,Ca; CoMn, 09 deals almost
exclusively with the Co-Mn distances, while the Co-Co and
Mn-Mn spacings along the ¢ axis remain virtually identical
in all the chains (d; 4+ ds = 2d). Adopting the A chains
(subclass 1) as a reference for the relative positioning along
the ¢ axis, one observes that half of the B chains (subclass 2)
are shifted downward by —§ while the second half (subclass
3) are shifted upward by +§, with §~1.9 A [Fig. 1(d)].

The spin chains of Sr,Ca;CoMn,;0y present an Ising-like
character originating from the strong easy-axis character of
Co** in the TP environment [23]. This feature has been quan-
tified by a single-ion anisotropy parameter D on the order of
—150 K when considering an energy of the form D(S? — 1/4)
(with § =3/2) [24]. In terms of interaction energies, the
structure of face-sharing polyhedra imposes to consider at
least the next-nearest neighbors (nnn) in addition to nearest
neighbors (nn) for the intrachain couplings. It means that at
least four couplings have to be taken into account, as shown
in Fig. 2(a): J; between nn Mn-Mn, J, between nn Co-Mn, J3
for nnn Mn-Mn, and J; for nnn Co-Mn. If all these interaction
are AF, their competition yields magnetic frustration. Despite
the lack of information about J4, estimates of J;, J>, and J3
derived from previous studies on related compounds [14,25]
indicate that one is facing such a situation of frustration. In a
previous study, we found that the best compromise in terms
of energy is obtained with an arrangement 1 1 along each
Co-Mn-Mn unit [17].

As in all the 2H-perovskite related oxides, the interchain
coupling is AF, with an intensity about two orders of mag-
nitude lower than for the intrachain couplings. Even though
there is a unique interchain distance d* = 5.41 A, the presence
of the three subclasses of chains leads to departure from
the ideal situation of GF associated with standard triangular
lattice. First, the difference in the Co-Mn distances between
the A and B chains [Fig. 2(c)] must impact the associated
couplings (i.e., J> and Jy), in such a way that Sr,Ca; CoMn;Oq
should be regarded as a centered honeycomb lattice rather
than as a pure triangular one [Fig. 2(b)]. Second, the shift-
ing along ¢ between neighboring chains also contributes to
deviate from an ideal triangular lattice. In Sr,Ca;CoMn;0y
the relative shift is |8| for interaction A-B, whereas it is |2§]
for B-B. Eventually, one has to distinguish two types of nn
interchain couplings: j4p and jpp [see Fig. 2(b)].
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FIG. 2. Panel (a) shows the four nn- and nnn intrachain couplings
that have to be taken into account (Mn*' and Co** occupy the
cyan and magenta polyhedra, respectively). (b) Perpendicular view
showing the regular arrangement of the A and B chains over a large
scale, as well as the two types of nn interchain couplings that are
encountered. Panel (c) focuses on the intrinsic difference between
the A and B chains, which can be regarded as a central or noncentral
positioning of the Mn, pairs in between two consecutive Co. This
yields only one Co-Mn interdistance for A (denoted d), whereas there
is a regular alternation between short and long bonds for B (ds and
dy, respectively). Panel (d) shows the in-phase ac susceptibility at
three frequencies. The gray-shaded area corresponds to the regime
of slow spin dynamics previously discussed in terms of single-ion
magnetism [17].

IV. PHYSICAL PROPERTIES

Figure 2(d) shows the ac susceptibility of Sr,Ca, CoMn;Oq
over a broad range of temperature, at three selected frequen-
cies. The regime of slow spin relaxation at lowest tempera-
tures (gray-shaded area) was previously ascribed to a behavior
of SIM [17,20]. The present paper focuses on the regime at
higher temperature (yellow-shaded area) around the 7. The
broad peak previously reported at Ty is actually found to be
split into two features separated by about 4 K. Figure 3 shows
an enlargement of the double-peaks regime with frequencies
spanning five orders of magnitude. About the peak at lower
T, one observes that its position is virtually frequency inde-
pendent, while its height is somewhat decreased as frequency
increases. The Ty previously reported for Sr,Ca;CoMn,;0q
can be associated with this first peak [17]. The amplitude of
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FIG. 3. Enlargement of the temperature range showing the
double-peak structure. In-phase ac susceptibility curves are shown
for 14 frequencies between 10~! and 10*Hz. The spontaneous
magnetization measured upon cooling in a dc field of ~1.5 Oe is
also shown (right axis). The solid line corresponds to the center of the
low-T peak (virtually frequency independent) which is ascribed to an
antiferromagnetic transition (7). The dashed line corresponds to the
rise of spontaneous magnetization (7*). The frequency-dependent
peaks of x” [denoted T,( f)] take place between Ty and T*.

the second peak is much more impacted by the frequency, in
such a way that it is dominant at 10~' Hz, whereas it becomes
hardly detectable at 10* Hz. Note that the position of this
peak, hereafter denoted as T),( f'), slightly shifts toward higher
temperature as the frequency is increased, an issue that will
be addressed in more detail below. Figure 3 also displays
the spontaneous magnetization (Mgpon:) that was recorded
upon cooling in a field of ~1.5 Oe. This curve exhibits an
abrupt divergence from the paramagneticlike response around
32.5 K, a temperature that will be referred to as T*.

Figure 4 shows the temperature dependence of three quan-
tities expected to reflect the onset of a magnetic ordering,
namely the magnetization (presented in the form of dc suscep-
tibility x4 = M /H), the heat capacity (C), and the intensity
of PND peaks. In each panel the positions of Ty and T* are
indicated. First of all, one observes that these data confirm the
achievement of LRO at Ty, since this temperature corresponds
well to the inflection point on the high-T side of a peak in
C(T), as well as to the rise of peak intensities in PND. There
is also a change in M at Ty, which depends on the field value:
in low field, M exhibits a steep increase at T upon cooling,
whereas it shows a peak in higher field. As for 7%, there is
no detectable feature in C nor in PND (within experimental
uncertainty). In other respects, T* is clearly correlated to
the first rise of M in low field (10? Oe), in line with the
behavior observed for Mpon.. When increasing the magnetic
field (10* Oe), no signature of T* can be detected.

The transitional regime encompassing Ty and T%* is in-
vestigated in more detail in Fig. 5. Besides the influence of
the field value, panel (a) addresses the hysteretical nature
of the magnetic response, as well as the connection between
the ac and dc susceptibilities. In low-dc field (10 Oe) the
sharp upturn in y4. below T* is followed by a “plateaulike”
regime (in log scale) before reincreasing at Tx. Note that the
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FIG. 4. Temperature dependence of several bulk properties in
Sr,Ca,CoMn,Oy. The solid and dashed lines correspond to Ty and
T*, respectively (see Fig. 3). Panel (a) shows dc magnetization
measured in “low”- and “high”-field values, using the field-cooled-
cooling procedure. Panel (b) shows the heat capacity measured in
zero field, and (c) the intensity of two magnetic peaks typical of
the PDA structure (see text), with vertical bars representing the
experimental uncertainty. Note that the underlying nuclear intensity
is very weak for (101) contrary to (2 0 1).

hysteresis between ZFC and FCC branches (zero-field-cooled
and field-cooled-cooling, respectively) does not start at 7*, but
rather at the high-T7 side of the plateau. When increasing the
field, no signature of 7* is visible (even in a moderate field of
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FIG. 5. Panel (a) is an enlargement of susceptibility curves
within the double-peak regime, showing dc response (M/H) mea-
sured with zero-field-cooled or field-cooled cooling procedures, for
two field values, as well as ac susceptibility measured at our lowest
frequency of 0.1 Hz. Panel (b) shows the second and third harmonics,
measured at 46 Hz. The inset displays isothermal hysteresis loops
recorded after zero-field cooling.

103 Oe) and hysteresis only starts developing below the peak
at Ty. It can be noted that our lowest frequency of 10~! Hz
corresponds to a time constant approaching that of dc mea-
surements. Around 7*, one observes a good superimposition
of the ac data recorded at this frequency (with z,. = 10 Oe)
onto the dc data measured in H = 10 Oe. Upon cooling, the ac
susceptibility first exhibits a peak centered at the temperature
where hysteresis appears for dc data, before showing a second
peak at Ty .

Figure 5(b) shows the second and third harmonics of the
ac susceptibility. Both for x», and yx3,, one observes a sharp
peak having a full width at half maximum less than 1 K.
These peaks emerge at about 32 K, in close agreement with
that of the first harmonic [see panel (a)], i.e., at a temperature
just below T* [26]. No feature can be detected at Ty for
both x5, and x3,, at any frequency. The data shown for
the harmonics correspond to the lowest frequency presenting
acceptable signal-to-noise ratio (46 Hz). Actually, the peaks
in x», and x3, are discernible down to the lowest investigated
frequency (10 Hz), while they progressively disappear when

frequency is increased above about 10° Hz. It must be noted
that the presence of a peak in xp, (7') lends further support
to the existence of a spontaneous magnetization [27]. As for
the presence of a peak in x3, (T), this is often ascribed to a
spin-freezing phenomenon, especially when this peak takes
a sharp and symmetrical shape, as it is presently observed
[27]. Tt can also be noted that the concomitant observation of
both signatures is generally regarded as being indicative of a
cluster-glass behavior [27]. The inset of Fig. 5(b) shows M(H)
loops recorded at several temperatures just below 7* At 32 K,
one observes an almost linear response without significant
hysteresis; at 31 K, the M(H) curve gets an S shape that is
consistent with a ferromagneticlike component (showing re-
manent magnetization and coercive field) superimposed on a
linear-in-field (paramagnetic) background; decreasing further
T down to 30 K leads to a substantial opening of the loop.
We note that the steep slope of the M(H) at very low field
(<10 0e) for T = 31 K is in accordance with the sharp upturn
observed in the susceptibility curves below T* [Fig. 5(a)].
Let us now turn back to the frequency dependence of
the peak in x'(T) at T,, which was detected in Fig. 3.
We consider hereafter the temperature dependence of the
characteristic spin-relaxation time associated with this peak.
For this purpose, we adopt the usual method based on the
position of the peaks of x”(f,T), using both measurements
recorded versus temperature (7) at fixed frequency or versus
frequency (f) at fixed temperatures (see Fig. 6). The x"(T)
data display well-defined peaks, whose location clearly shifts
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toward higher temperature as frequency is increased, while
their amplitude is decreased [Fig. 6(a)]. This contrasts with
the x”(f) data, for which one rather observes quite broad
bumps and, furthermore, only within a narrow range of tem-
perature [Fig. 6(b)]. Within the framework of a generalized
Debye model (including a certain width in the distribution of
the relaxation times), the out-of-phase susceptibility can be
written as

XT—XS) cos(%°)
2 cosh[(1—a)In 27 fr)]+sin(%)

ey

where x7 and yxg are the isothermal and adiabatic susceptibil-
ities, respectively, 7, is the central value of the distribution of
relaxation times, and « is a parameter reflecting its width [28].
Considering that a maximum in x” is mainly driven by the
minimization of the denominator in the second term of Eq. (1),
it is customary to derive 7, from the relationships: 7.(Tjax) =
1/(2xf) for the T scans, or t.(T) = 1/(27 fimax) for the f
scans. Doing so was found to yield some inconsistency be-
tween the data derived from each type of measurement [29]. In
fact, while this approach is correct for the f scans, it is not for
the T scans since the prefactor in the right-hand-side of Eq. (1)
is basically temperature dependent. To correct the analysis
of the T scans, we followed a procedure (see Supplemental
Material [21]) whose central part is to consider the location
of the maximum of the quantity x”(T)/[xr(T) — xs(T)], by
using experimental approximations of x7(7") and xs(7). The
final 7. (7) obtained from both f-and T scans are shown in
Fig. 6(c). For the f scans, the main source of uncertainty
is directly connected to the identification of the maxima; the
shown error bars thus correspond to the width of the ellipses
in Fig. 6(b). For the T scans, the positions of the peaks
are well defined, in such a way that the error bars shown
just correspond to half the spacing between data points, i.e.,
£0.05 K.

The characteristic spin-relaxation time associated with
the peak in ac susceptibility located above Ty varies very
rapidly as a function of the temperature. Its divergence as T
is decreased is much more pronounced than expected for a
standard Arrhenius process [that would lead to a straight line
in Fig. 6(c)]. The observed t(1/T) shape is rather suggestive
of a Vogel-Fulcher (VF) function, a phenomenological law
often used to account for activation processes in the presence
of interactions [30]. This law reads t = toexp[%n]], where
7p is a microscopic attempt time, E the height of an energy
barrier (here expressed in kelvin), and 7 a characteristic tem-
perature reflecting the intensity of the interactions between
the spin units at play in the activation process. The solid line
in Fig. 6(c) is the best fitting to the data obtained without
assumption on any of the parameters. It leads to 7y ~ 107 s,
E ~ 11K, and Ty ~ 30.8 K. It must be kept in mind that there
is strong interdependence between the three parameters of a
VF law, inducing sizable uncertainties in their determinations.
With the present data, however, T is quite well defined, allow-
ing us to make the following remarks: First, T lies in between
Tn (28.3 K) and T* (32.5 K); Second, when considering 7(t)
from Fig. 6(c), one notes that [T (t) — Tp]/Tp amounts to a
few hundredths (~0.02), which is significantly lower than the

(T, f) ="

expectation for a cluster glass (i.e., a few tenths) [31]. The
same conclusion can be drawn by considering the Mydosh
parameter [A(InTy)/A(Inf)] which presently gets a quite
small value (~0.004) consistent with a spin glass (SG) but
not with a cluster glass (CG) [32]. In the end, the presence of
a peak in xo, indicates that the prepeak at T,(f) cannot be
related to a SG behavior, while a description in terms of CG
is ruled out by a quantitative analysis of the spin dynamics.

V. DISCUSSION

The transient dynamical response taking place just above
Ty in Sr;Ca;CoMn, Qg is the central issue of the present
paper. First of all, let us specify that we could not find any
previous report of similar behavior in the literature about
spin-chain compounds on triangular lattices. On the other
hand, such a prepeak is not restricted to Sr,Cay;CoMn;QOg,
since it was observed in the Srs_,Ca,CoMn,;O9 compounds
with x > 1.5. In all cases, a frequency-dependent peak T,
emerges in between the onset of LRO at Ty (x) and a slightly
higher temperature 7*(x) marking the rise of a spontaneous
magnetization (see Supplemental Material [21]). It turns out
that these two characteristic temperatures (7 and T*) appear
concomitantly when x is varied, and they increase together
when increasing the couplings via chemical pressure, demon-
strating that they are closely linked to each other [21].

The first issue to be addressed is the nature of the magnetic
order taking place at Ty. Sr,Ca;CoMn;QOg exhibits Ising
chains distributed on a triangular lattice, and which interact
via AF nn interchain coupling, a situation known to often
trigger the onset of a PDA state [6]. The PND pattern was
found to be consistent with such a PDA state (see Supple-
mental Material [21]). The achievement of a PDA state is also
consistent with the physical properties: (i) The heat capacity
exhibits at Ty a peak of moderate intensity (as expected owing
to the partial nature of the ordering in PDA); (ii) when cooling
below Ty, the magnetization shows an increase in low fields
(ascribable to the easy polarization of the incoherent chains)
which is replaced by a peak in larger fields (consistent with
the fact that AF coupling of two-thirds of the chains leads to a
reduced global magnetization compared to the paramagnetic
response).

The PDA model was originally developed for strictly iden-
tical spin chains. Phenomena of interexchange between the
three magnetic sublattices can thus take place and contribute
to destabilize this ordering [33]. In this regard, it deserves
to be noted that the structural partition into A and B chains
encountered in Sr,Ca;CoMn,0y (see Fig. 1) is favorable
to the achievement of a PDA state. A similar remark was
previously emphasized by Adachi ez al. in the case of RbFeBr;
[34].

To understand the anomaly taking place above Ty, a key
issue is the nature of the phenomenon occurring at 7*. Experi-
mentally 7* is characterized by the following features: (a) rise
of an Mg,on, (ii) emergence of nonlinearity in the magnetic
response, (iii) appearance of peaks in the second and third har-
monics; and (iv) hysteretical M(H) curves. This temperature
also marks the vanishing of the remanent magnetization when
increasing temperature (see Supplemental Material [21]). This
set of features points to the formation of correlated magnetic
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units showing a net magnetization at 7*. Since both the PND
and C(T) data do not show any signature of LRO in this T
range, the transition at 7* should be ascribed to the formation
of SRO units having a FM-like response. We emphasize that
the abrupt changes in physical properties seen at 7* support
the onset of a real magnetic order, even if it develops only
over short lengths (e.g., clusters or domains).

A very important feature of the SRO taking place at T* is
that it seems to involve only a part of the spins. This is visible
in the M(H) curves, which look like the superimposition of
a FM-like response onto a paramagnetic (PM) background.
Such a dual character of the magnetic response is also visible
on the susceptibility curves, in that the peak at 7,,(f) curves
clearly appears to be superimposed onto a PM background.
One observes that the SRO contribution is prominent on
magnetic data for low-field values, i.e., for ac data as well as
dc data when recorded in small H. When increasing the field,
the signatures of 7T* are rapidly washed out. Accordingly,
the magnetic signatures rising at 7* can be ascribed to the
existence of a small My, (originating from FM-like SRO)
that coexists with a PM response involving the greatest part of
the spins.

We have previously noted that the spin-chain system of
Sr,Ca;CoMn, Oy is not an ideal triangular lattice, and should
rather be regarded as a centered honeycomb lattice. This
topology was investigated in theoretical works along the 90s
[35], motivated by experimental realizations of such cen-
tered honeycomb lattices in a particular class of the ABX3
compounds (the so-called KNiCl; family) [36]. The com-
pound which is the closest to ours is RbCoBrs: it exhibits
a pronounced Ising character and three subclasses of chains
with relative shiftings equal to 0, 4§, and —§, like for
Sr,Ca;CoMn;, Q9. Experimentally, RbCoBr; was found to
undergo a LRO from a PM to a PDA state, but without any
evidence of pretransitional features [37].

In the ABX; materials, it must be emphasized that one
can encounter shifting along the ¢ axis between neighboring
chains, but the intrachain distances along all these chains
remain identical. What is quite unique in our compound is
that it displays two different types of chains (A and B):
these chains are made of the same spins, arranged with the
same sequence, but some of the interdistances between them
are modified. This introduces a difference on some of the
intrachain couplings (J, and J4) that will in turn induce
modifications in the effective ferromagnetic coupling between
successive (1] 1) units along the chain, leading to Ja # Jp
[38]. Even though one cannot anticipate the amplitude of
(Ja — JB) nor even its sign, this dissymmetry can have a
non-negligible impact on the ordering process. As for the
interchain couplings, one can expect that jgg < jap owing
to the less direct supersuperexchange links between spins of
adjacent B chains (in the present paper, positive coupling
parameters correspond to AF interactions).

To the best of our knowledge, there are no theoretical
predictions on centered honeycomb lattices with two different
intrachain couplings. Considering that the magnetic ordering
between chains is governed by a combination of intrachain
and interchain couplings [39], we naively anticipate that the
situations should be different for the A and B chains: in
first approximation, the ordering of A chains involves the

couplings J, and jag, whereas that of the B chains rather
involve Jg, jap, and jpp.

On this basis, let us suggest a qualitative scenario suscep-
tible to account for the presence of a pretransitional regime in
Sr,Ca;CoMn,Oy. As the temperature is decreased toward T*,
the spin system prepares to enter the PDA state: the sublattice
made of the B chains tends toward an AF arrangement (i.e.,
alternation of chains with a net magnetization either up or
down), while each A chain undergoes antagonist interactions
from its six nn B chains. In the usual case where Jo = Jg, the
A chains remain PM till they transform to incoherent at Ty .
Assuming that the combination of intra- and interchain cou-
plings is stronger for the A chains than for the B ones, ordering
might start developing along these A chains above the onset
of PDA, i.e., at a slightly higher temperature assumed to be
T*. Let us recall that the energetically most favorable arrange-
ment along the chains [Co?* (1) — Mn** (] ) — Mn**(1)] can
be seen as an effective FM coupling between ferrimagnetic
(14 1) units [17]. The growth of FM-like correlations along
the A chains is impeded by the AF coupling with the B chains.
This can limit the ordering along the A chains to segments
oriented either up or down, in order to maintain a zero net
magnetization. When the temperature is decreased below 7%,
these 1D FM-like segments could exhibit specific dynamical
signature leading to the susceptibility peak at T,,(f). As T is
further decreased, the B chains eventually reach the conditions
to be ordered too, leading to the achievement of PDA state
at Ty.

Note that the above-described 1D SRO along the A chains
is prone to be polarized by the application of a magnetic
field. A net magnetization can thus be induced at 7% in
low fields, associated with a dissymmetry between up and
down segments, resulting from displacements of domain walls
between them. This is thus consistent with the rise of an Mpon
at T*. Moreover, the signature of this 1D SRO is expected to
vanish when the applied field is large enough to polarize both
the A and B chains in the PM state.

On this basis, the hysteresis in low-field magnetization
can be ascribed to energy barriers affecting the domain wall
displacement. ac susceptibility data are also expected to be
impacted by the mobility of such domain walls along the
chains. Owing to a blocking phenomenon, one observes that
the x'(T) peak shifts toward lower temperature as the fre-
quency is decreased, allowing its height to increase spectac-
ularly (Fig. 3). We emphasize that one is dealing with an
unusual type of blocking since the interchain interactions take
substantial part in the slowdown of spin dynamics [40,41]. It
is likely the reason why the spin relaxation does not follow
an Arrhenius behavior but rather a VF law with a Ty closely
related to Ty.

VI. CONCLUSION

This paper reports the oxide Sr,Ca;CoMn,Og9 which is
made of Ising spin chains distributed on a triangular lattice.
However, this compound exhibits two peculiarities which
make it depart from a simple triangular lattice: first, it con-
tains two types of chains (A and B) differing by their in-
trachain Co-Mn distances, and whose spatial arrangement
draws a centered honeycomb lattice; second, there are global
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shiftings by £1.9 A along the ¢ axis (direction of the chains)
between the A and B chains. The competition between the nn-
and nnn intrachain couplings favors a ferrimagnetic response
along each chain, while the coupling between nn chains is
AF. The LRO taking place at Ty ~ 28.3K is found to be
consistent with a PDA state in which the A chains remain
incoherent.

A peculiar spin dynamics is observed within a pretransi-
tional regime between Ty and a characteristic temperature
T* (~32.5 K). We suggest that it corresponds to a transient
regime along the setting up of the PDA state, whose origin
relies on the difference between the A and B chains. Assuming
that the A chains are more prone to order than the B ones
(owing to a more favorable combination of intrachain and
interchain couplings), SRO can develop along these A chains
(at T*) a few kelvin above the LRO (at Ty). As a consequence,
this generates a narrow 7 range (Ty < T < T*) where the
magnetic response is strongly impacted by the dynamics of
such 1D correlated segments. The energy barriers involved

in this dynamics combine not only easy-axis anisotropy and
intrachain couplings but also the interchain interactions.

We fully recognize that more work is required to elu-
cidate the exact nature of the susceptibility peak at 7,(f)
in Sr,Ca;CoMn,0y. From an experimental point of view,
local probes such as muon spin relaxation or nuclear mag-
netic resonance would be highly welcome. We also hope
that the present work could trigger theoretical studies ad-
dressing the peculiar type of spin lattice encountered in this
study, i.e., a centered honeycomb lattice involving not only
different interchain couplings but also different intrachain
couplings.
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