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Ising chain compound Ca;Co,_,Mn,Og4 exhibits up-up-down-down long-range magnetic order (LRO)
in a broad range of 0.75 <x <1. The LRO is abruptly lost in the narrow vicinity of x = 1, and the
magnetic state becomes incommensurate. The commensurate state (but not the LRO) is recovered for
larger x. This is surprising because the stoichiometric x = 1 state exhibits the best Co/Mn ionic order, and
the magnetic LRO appears only in the samples with reduced ionic order. We argue that this “‘order-by-
static-disorder”” phenomenon may be related to the disruption of the long-range magnetic interactions by
the magnetic-site disorder, reducing magnetic frustration.
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Disorder is ubiquitous in solids. Usually, it manifests
itself as defects and impurities that break the ideal crystal-
line order. Magnetic systems provide a rich field for inves-
tigation of the disorder effects. As in other solid-state
systems, defects usually break magnetic long-range order
(LRO), giving rise to various disordered states, such as
cluster and spin glasses [1]. On the other hand, dynamic
disorder induced by thermal fluctuations promotes mag-
netic order in certain degenerate systems through entropic
selection of the states with the highest density of low-
energy excitations [2]. This phenomenon is referred to as
“order by disorder.”” While related effects of static disorder
have been discussed theoretically [3], static disorder is not
known to induce magnetic LRO in the extant materials.
Discovery of any experimental system exhibiting such a
counterintuitive effect, possibly driven by a different
mechanism, would be clearly of interest. Herein, we
present a study of a magnetic system in which an unusual
order-by-static-disorder  phenomenon is apparently
realized.

Disorder plays a particularly important role in quasi-
one-dimensional (1D) magnets, where its effects are in-
trinsically large. Even in the simplest case of Ising spin
chains, surprisingly rich phase diagrams are found when
competing interactions exist. Perhaps the best known ex-
ample is the axial next-nearest neighbor Ising model with
nearest-neighbor (NN) ferromagnetic (FM) and next-near-
est-neighbor (NNN) antiferromagnetic interactions [4]. An
extension of this model on the chain of alternating Ising
spins of different magnitude, the so-called alternating-spin
Ising ferrimagnet (ASIF), has also been considered [5].
Because of their low dimensionality, these model systems
are strongly affected by disorder, which makes them par-
ticularly useful for combined theoretical and experimental
studies of disorder in magnets. Unfortunately, experimen-
tal realizations of these models are rare, and large regions
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of the model parameter
experimentally.
Ca;Co,_,Mn,Og is a quasi-1D Ising chain compound in
which c-axis Co/Mn magnetic chains form a triangular
lattice in the ab plane, with three chains per unit cell as
shown in Fig. 1. The strong 1D magnetic character of
Caz;Co,_, Mn, O is well established [6,7]. The two types
of oxygen cages surrounding the magnetic ions—octahe-
dral and prismatic—alternate along the chain direction. Mn
ions have a strong tendency to occupy the octahedral sites,
and the x = 1 compounds contain chains of alternating
Mn** and Co?* ions. For x = 0.95, the in-chain magnetic
order is of the up-up-down-down type, and the Mn and Co
spins are S = 3/2 and s = 1/2, respectively, based on
neutron diffraction data [7]. The x = 1 compound there-
fore provides a testing ground for investigation of the ASIF
model and its extensions, including effects of disorder. The

space remain unexplored
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FIG. 1 (color online). Magnetic chains in CazCoMnQOg.
Arrows show spins in the commensurate state. The three mag-
netic chains on the left form an equilateral triangle, as shown in
the sketch of the unit cell at right. Only Co and Mn ions are
shown.
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stoichiometric x = 1 system is expected to be the cleanest
realization of the ASIF model because of the least amount
of the ionic disorder (ideally, a perfect alternating chain).
However, the x = 1 compound has not been studied in
detail thus far. In this Letter, we explore such samples.
Surprisingly, we find that the x = 1 system exhibits a much
less ordered magnetic state than the compounds with ionic
disorder. In other words, the ionic disorder appears to
promote the magnetic LRO—a phenomenon that can be
befittingly referred to as “‘order by static disorder.”

Ca3Co,_,Mn,O¢ polycrystals were prepared by solid-
state reaction technique. Single crystals were grown using
a KCI-K,CO; flux method [7]. Magnetization was mea-
sured in zero-field cooled samples using a SQUID magne-
tometer. Neutron powder diffraction was performed at the
BT1 beam line at NCNR using monochromatic neutrons of
A =2.079 A. The data were refined using the FULLPROF
[8] program package. Single-crystal neutron diffraction
was done in the (HOL) zone at the BT9 triple-axis spec-
trometer at an energy of 14.7 meV, pyrolytic graphite fil-
ters before and after the sample, and 40-47-s-40-80
collimations.

Figure 2(a) shows temperature-dependent magnetiza-
tion. It exhibits a broad peak at T = T,,,, associated with
the appearance of the magnetic order [7]. In our samples,
T max decreases with increasing Mn concentration x [see the
inset in Fig. 2(a)]. All the samples exhibit sharp nuclear
peaks in neutron powder diffraction patterns characteristic
to well-ordered nuclear structure. Table I shows selected
results of the Rietveld refinement of the nuclear structure
for the samples with x = 1. The data were taken above the
magnetic ordering temperature at 7 = 20 K. Excellent
agreement factors are achieved. Importantly, the stoichio-
metric x = 1 sample exhibits a perfect ionic order with Co
and Mn occupying the trigonal and the octahedral sites,
respectively. The data and the Rietveld refinement for this
sample are shown in Fig. 3(a). The other samples exhibit
ionic disorder (octahedral Co or trigonal Mn) in good
agreement with their nominal compositions. In contrast
to the nuclear structure, the magnetic order exhibits dra-
matic changes in the narrow vicinity of x = 1. Figure 3(b)
shows scans through the (101) magnetic peak position for
T = 1.4 K, which is much smaller than 7,,,,. While the
x = 0.75 and x = 0.95 samples exhibit resolution-limited
magnetic peaks and the associated magnetic LRO, the
magnetic peaks broaden significantly for x = 1, signaling
the loss of the LRO. Moreover, the peak shifts from the
(101) position, and therefore the magnetic structure be-
comes incommensurate (IC). When x is further increased
to 1.05, the commensurate state is recovered. In addition,
the magnetic peak appears to narrow down, although the
LRO is clearly not restored. We stress that no anomalies in
the nuclear structure are associated with these changes.

To study the characteristics of the IC state in more detail,
single crystals were investigated. Samples with low nomi-
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FIG. 2 (color online). (a) Temperature dependence of the
magnetic susceptibility of zero-field cooled Ca;Co,_,Mn, Og.
It exhibits a broad peak at T = T,,,,, which is shown in the inset
as a function of x. The magnetic field is 0.2 T. (b) Magnetization
of zero-field cooled samples versus magnetic field for 7 = 2 K.
The magnetic field H,,; at which M exhibits the maximum slope
on decreasing the field is shown in the inset as a function of x.
The main panels, as well as the circles in the insets, show the
data for the samples studied by neutron diffraction (see the text
for details). Lines are guides to eye.

nal Mn concentrations x exhibit sharp commensurate (101)
peaks. With increasing x, the peaks broaden and become IC
in the direction of the magnetic chains, L. The (10L) scan
through the magnetic peak in the sample with the largest x

TABLE I. Nominal and experimental occupation factors for
the trigonal and octahedral Co/Mn sites, as determined by
Rietveld analysis. Experimental errors are in parentheses. The
occupation factors marked with (f) reached the maximum
allowed value of 1 and were fixed at 1. Agreement factors
R-Bragg are also shown.

X Trig. Co Oct. Mn Trig. Mn Oct. Co R
0.95 Nom. 1 0.95 0 0.05

Exp. 1(f) 0.954(4) 0(0.04)  0(0.0001) 0.0214
1.00 Nom. 1 1 0 0

Exp. 1.003(2) 1.003(2) 0(0.0003) 0(0.0003) 0.0224
1.05 Nom. 0.95 1 0.05 0

Exp. 0973(7) 1(f) 0(0.0001) 0(0.03)  0.0238
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FIG. 3 (color online). (a) Observed (symbols) and calculated
(line) powder neutron diffraction patterns for the x = 1 sample
for T = 20 K. The bars show the nuclear Bragg peak positions,
and the line at the bottom is the difference between the observed
and calculated patterns. (b) Powder diffraction patterns in the
vicinity of the (101) magnetic peak for 7 = 1.4 K for various
values of x. Vertical solid line shows the O of the magnetic peak
of the single-crystal sample of Fig. 4. Dashed lines are guides to
eye.

obtained is shown in Fig. 4 for T = 5 K. The Gaussian fit,
shown with the dashed line, gives L = 1.11(0.01) recipro-
cal lattice units (r.l.u.) for this sample. Comparison of this
wave vector [the vertical line in Fig. 3(b)] with those of the
powder samples suggests that x is within a few percent of
x = 1. The in-chain correlation length, defined as inverse
half width at half maximum of the Gaussian fit, is & =
19(3) A. Both the incommensurability, AL = L — 1, and
¢ do not depend on temperature within the experimental
accuracy, 40% for AL and 20% for ¢. The temperature
dependence of the peak intensity is shown in the inset in
Fig. 4. The intensity is from Gaussian fits; the peak width
was fixed at the low-temperature value for 7 > 8 K. The
obtained magnetic transition temperature is in agreement
with the anomalies in the magnetic susceptibility in the
large-x samples of Fig. 2(a). Unfortunately, because of the

of the magnetic LRO at x = 1. The second effect is asso-
ciated with sensitivity of the system to an applied magnetic
field, H. Figure 2(b) shows field dependence of the mag-
netization M on increasing and decreasing the field in the
magnetically ordered state (T = 2 K). The change of the
slope of this dependence is due to the onset of the gradual
transition to the state with the up-up-up-down spin order
[9]. The field of the maximum slope of M(H) on decreas-
ing the field, H,,, is shown in the inset in Fig. 2(b). It
exhibits a large drop with increasing x at x = 1, followed
by stabilization or even a small increase for x> 1.
Numerous imperfections in the magnetic order in the
short-range ordered state produce local segments of the
up-up-up-down order and provide nucleation centers for
the field-induced transition. This effect should lower the
transition onset field in the poorly ordered samples.
Therefore, the observed behavior of H, is consistent
with the destruction of the LRO at x = 1, as well as with
a possible partial recovery of the magnetic order for higher
values of x, as observed in neutron diffraction experiments.
To confirm the anomalous features of the x = 1 and x =
1.05 compositions, measurements with two independently
prepared sets of samples were performed. One of these sets
(circles in the insets in Fig. 2) was used for neutron experi-
ments. While there is a certain variation for x = 1.05, the
data of Fig. 2 clearly demonstrate that the bulk magnetic
properties exhibit an anomaly at x = 1, providing a strong
argument for the uniqueness of this composition.
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The above data show that the magnetic LRO disappears
and the magnetic state becomes IC in a narrow vicinity of
x = 1 with almost perfect ionic order. This observation is
highly surprising because the LRO appears to be stabilized
by the ionic disorder in a wide range of Mn concentrations
x <1, providing an intriguing example of the order by
disorder phenomenon. Moreover, the neutron diffraction
measurements indicate that x = 1 is a special point in this
system, at which the incommensurability is largest and the
magnetic order is poorest, contrary to usual expectations.
The bulk magnetic properties of Fig. 2 are consistent with
this conclusion.

To shed light on this behavior, knowledge of the mag-
netic couplings is necessary. Unfortunately, the small size
of the available crystals prevents determination of these
couplings using inelastic neutron scattering. Lacking such
information, one can still obtain a useful insight by assess-
ing their relative importance using the crystal structure.
The in-chain NN and NNN interactions J, and J, (Fig. 1)
are probably the largest. For our discussion, the difference
between the Co-Co and Mn-Mn interactions is ignored for
simplicity. If only these interactions are considered, only
two ground states are possible in both the axial NNN Ising
and ASIF models in the case of FM NN interaction sug-
gested in [7]: the experimental up-up-down-down and the
FM state [4,5]. The effective Curie temperature of this
system grows with decreasing x, and the x = 0 chains
are ferromagnetic [6]. Thus, increasing x in the vicinity
of x = 1 moves the system deeper into the up-up-down-
down state and cannot account for its destabilization. Even
if the NN interaction is antiferromagnetic, as alternatively
proposed in [10], the above models cannot explain the clear
anomaly at x = 1 observed in our experiments. To under-
stand this effect, longer-range interactions must therefore
be considered. The interchain superexchange path is most
favorable [11] for the NNN Co-Co antiferromagnetic in-
teraction J' (Fig. 1) which forms an infinite spiral along the
three adjacent chains. Given the existing in-chain order,
this path is geometrically frustrated in the same manner as
the 2D Ising triangular lattice. Because of this frustration,
the interchain magnetic structure appears to be set by a
different interaction path, J”, which lacks frustration and
also forms a spiral but with a shorter pitch. This structure is
destabilized by the long-range effective coupling J, arising
from the frustrated path J'. In systems with large uniaxial
anisotropy this type of competing interaction is associated
with longitudinal sinusoidally modulated structures. It
may, therefore, give rise to the IC state in our samples.
Note that a similar mechanism was proposed to explain the
long-wavelength IC modulation in the FM Ising chains for
x = 0 [12]. Competing interactions may also be respon-
sible for the destruction of the LRO in the IC state through,
for example, creation of regions with low spin density in
the modulated chains, and by affecting the frustrated in-

terchain interactions. Long-range interactions with com-
plex paths such as J, are strongly affected by disorder, and
it is possible that the ionic disorder is sufficient to disrupt
this interaction path everywhere except for the small vi-
cinity of x = 1, where the IC state is observed. The com-
mensurate state, with LRO for x < 1, is realized in the
more disordered samples with suppressed competing inter-
actions, giving rise to the apparent order by disorder
phenomenon.

Clearly, other explanations are possible at this stage. The
triangular motif of the crystal lattice suggests the impor-
tance of geometric frustration, which often leads to mag-
netic disorder, especially in Ising systems. In nonmagnetic
systems, impurities may lift the frustration, thereby giving
rise to an ordered state. One example of such an effect is
suppression of the Pauling disorder in H,O ice by KOH
dilution [13]. We note, however, that spin vacancies do not
induce the LRO in the 2D Ising triangular lattice [14],
neither do they in pyrochlore spin ices [15], and we are
not aware of any Ising magnetic system showing this
effect. Experimental determination of the magnetic cou-
plings, as well as theoretical research, are clearly needed to
understand this system. Ca;Co;_,Mn,Og is a rare realiza-
tion of a quasi-1D alternating-spin Ising system with geo-
metrically frustrated interchain interaction, which also
exhibits ferroelectricity and unusual field-induced transi-
tions [7,9]. Our measurements reveal another intriguing
phenomenon in this system: a magnetic long-range order
that is apparently promoted by magnetic-site disorder.
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