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The observation of unusual metastable behavior in Ca;Co,04 remains an ongoing puzzle. When the magnetic
field is increased at certain very slow rates, evenly spaced steps occur in the magnetization and other physical
quantities as a function of magnetic field every 1.2 T. The ground state without steps is approached by slow
relaxation processes over hours to days. It is a striking example of extremely slow dynamics arising from
geometrical frustration in an otherwise clean and long-range ordered system, and its precise description remains
controversial. Here we shed light on the mystery by reporting similar behavior in isostructural Ca;Co,_,Mn, Og,
albeit at magnetic field sweep rates that are six orders of magnitude faster than that in Ca;Co,04. We observe these
steps not only in the magnetization, but also in the magnetostriction, electric polarization, and magnetocaloric
effect. We present a study of metastable behavior in both compounds across seven orders of magnitude of magnetic
field sweep rates using unique magnets at the National High Magnetic Field Laboratory. The metastable steps
occur for intermediate ranges of magnetic field sweep rates, vanishing or evolving for the fastest and slowest sweep
rates. Our data support that these metastable steps are an intrinsic feature of the three-dimensionally frustrated

geometry of Ising spins in this structural family and thus narrow the number of applicable models.

DOLI: 10.1103/PhysRevB.98.024407

I. INTRODUCTION

Magnets with frustrated geometries can give rise to emer-
gent slow dynamics and metastable states. The energy land-
scape of frustrated magnets contains many nearly degenerate
states, some with high entropy allowing for slow evolution of
the physical properties and trapping into metastable excited
states. This glassy-type behavior occurs despite the apparently
clean geometry of these systems. For example, in spin ice
materials, very slow relaxation of the magnetization occurs
that is modeled in terms of topological entanglement of
monopole excitations, whose untangling dictates the timescale
for relaxation [1-3]. In other frustrated systems, the presence
of dynamic excitations can stabilize static ordering in a system
that would otherwise favor a spin liquid ground state [4—11]. In
general it is necessary to understand the dynamics of frustrated
magnets in order to capture their essential behavior. We note
that this field is of practical importance to quantum annealing
computers that attempt to find the true ground state in an energy
landscape of metastable traps, and whose Hamiltonians can be
analogous to those of frustrated magnets [12].

Here we investigate dynamic behavior that emerges
in the frustrated chain compounds Ca;Co,0Og (CCO) and
Ca3;Co;_,Mn,Og (CCMO) with 0.97 < x < 1.03. CCO pro-
vides a dramatic example of metastable magnetic behavior that
has puzzled the community for several decades. This material
forms c axis ferromagnetically coupled chains of Ising § =2
Co®" spins (every second Co*" spin is S = 0), and these
chains are in turn arranged in a triangular configuration in
the ab plane with frustrated antiferromagnetic interactions. At
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4 K, the magnetization vs magnetic field exhibits a plateau
at 1/3 of the saturation magnetization before leaping to the
final saturation value. However for sweep rates faster than
duoH/dt = 1.6 x 107* T/s, a different magnetic behavior
occurs, namely regular flat plateaus appear in M (H) separated
by regular steps every 1.2 T. For temperatures below 4 K,
the relaxation times diverge and the 1/3 plateau ground state
is never reached in multiple day-long experiments [13,14].
The metastable magnetization steps are reproduced in other
physical properties including elastic neutron diffraction peak
intensities [15]. For much faster duoH/dt of 2 and 6.7
kT/s that are applied by capacitor-driven pulsed magnets, a
polycrystal study finds that the number of magnetization steps
is reduced compared to slower sweep rates and new dynamic
behavior appears [16].

Many detailed models have been advanced to explain the
slow magnetic dynamics and regular metastable steps in M (H)
in CCO. The similarity of the metastable steps to those
seen in single-molecule magnets has prompted suggestions of
quantum tunneling within isolated chains of this compound
[13,14]. Another class of models predicts rigid ferromagnetic
spin chains along the ¢ axis that form successive metastable
patterns in the triangular ab plane with increasing H [16—18].
However, a recent single-crystal neutron diffraction study
finds long-wavelength modulations (A ~ 1000 A) along the ¢
axis chains, on top of a partially disordered antiferromagnet
ground state [19-21]. The wavelength varies continuously
as a function of temperature (7)) and relaxes slowly over
time, not reaching equilibrium even after 13 h at 8 K. These
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FIG. 1. (a) Crystal structure of Ca3;C0,0¢ (CCO) and
Ca;CoMnOg (CCMO) showing the hexagonal ab plane. The
indices 1, 2, 3 denote each of the three sublattices, which are ¢ axis
chains containing alternating Co®* S =2 and § = 0 ions (CCO)
or Co** and Mn** ions (CCMO). (b) Two chains viewed along the
[110] direction.

results are hallmarks of the classic axial next-nearest neighbor
Ising (ANNNI) model [22-24]. This fact prompted a recent
description [25] of the metastable steps using a modified
version of this model: three chains in a triangle are treated
as one chain with frustrated nearest-, next-nearest-, and next-
next-nearest-neighbor interactions, and these triple chains are
coupled ferromagnetically.

An experimental finding that is not captured by any
models is spontaneous magnetic phase segregation. Neutron
diffraction at H = 0 suggests coexisting long- and short-range
order [26] and a small-angle neutron scattering study resolves
nanoscale ferromagnetic hexagonal clusters in the ab plane
[27]. The complete behavior of this system and the origin of
metastable steps thus remains a puzzle.

Our second material, CCMO is isostructural to CCO, but
the ¢ axis chains contain alternating quasi-isotropic S = 3/2
Mn*" spins and Ising-like S = 3/2 Co®* spins (see Fig. 1)
[28-31]. Whereas CCO has a ferromagnetic Curie-Weiss
temperature, CCMO has an antiferromagnetic one [30,32,33].
Neutron diffraction studies of CCMO find that, in contrast to
the modulated ferromagnetic behavior within the chains in
CCO, the ground state in CCMO is an 11| arrangement
of alternating Co®>* and Mn** spins along the chains [29,34],
which is a structure that can result from frustration between
nearest- and next-nearest-neighbor interactions. This magnetic
structure in CCMO incidentally induces ferroelectricity via
symmetric exchange striction, making this material multi-
ferroic [28,29,31]. Finally we note that a few percent off-
stoichiometry of Mn and Co concentrations has been shown to
be necessary to stabilize the long-range order, consistent with
an order-by-disorder mechanism [34].

In this paper we use seven orders of magnitude of magnetic
field sweep rate d o H /dt to investigate the dynamic behavior
of CCO and CCMO. We show that very surprisingly, CCMO
also has metastable steps in the physical properties induced
by finite sweep rate similar to those in CCO. However, the
minimum magnetic field sweep rate duoH/dt required to
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FIG. 2. (a) Magnetic field dependence of ¢ axis magnetostriction
AL/L = [L(H) — L(0)]/L(0) during upsweeps with different sweep
rates measured at 7 = 1.4 K for CCMO with x = 0.97. Sweep rates
between 15 and 148 T/s are created by the generator-driven long
pulse magnet (solid lines) while higher sweep rates are created by
capacitor-driven short pulse magnets with 9 and 30 T peak fields
(lower and upper dotted lines). Data are shifted vertically for clarity.
(b) Magnetic field vs time of the long pulse magnet (solid lines) and
short pulse magnet (vertically appearing dashed lines) used to apply
the magnetic fields in (a).

induce the steps in CCMO is six orders of magnitude faster
than that in CCO. We observe these metastable behaviors
reproducibly in multiple crystals, and in multiple properties:
magnetization, electric polarization, magnetostriction, and the
magnetocaloric effect. We use a uniquely tunable generator-
driven long pulse 60 T magnet at the NHMFL, among others,
to observe the speeds where the metastable steps onset and
disappear. By observing similar nonequilibrium behavior in
these two isostructural materials across very different dynamic
ranges we find that the observed metastable behavior is a robust
consequence of the geometrical frustration in these systems
and this narrows the range of models that can explain the
observed behavior.

II. EXPERIMENT

Single-crystalline samples of CCO and CCMO were grown
by the flux method and cut to typical dimensions of 0.5 x 0.5 x
3.0 mm? [28]. Three magnets were used to generate different
duoH/dt: (1) a 14 T superconducting (SC) magnet, (2) a
generator-driven 60 T long pulse magnet, and (3) capacitor-
driven short pulsed magnets with peak fields up to 65 T. Below
10 T, the sweep rates d o H /dt are 10~ to 1072 T/s (SC), 15
to 148 T/s (long pulse), and 1 to 4 kT /s (short pulse) as shown
in Figs. 2(b), 3(g), and 3(h) and the Supplemental Material
(SM) [35].

Physical properties were measured using a set of established
measurement techniques for dc and pulsed magnetic fields that
are appropriate for magnetic insulators [36—40]. Magnetization
data in capacitor-driven pulsed magnets were measured using
a compensated, sample-in/sample-out pickup coil [36], and
in 14 T superconducting magnets with a vibrating sample
magnetometer (Quantum Design). The pulsed-field magneti-
zation data were calibrated against magnetization measured
in the superconducting magnet at temperatures above the
regime where the metastable and hysteretic behavior occurs.
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FIG. 3. Field-dependent properties of CCO in a superconducting
(SC) magnet, and CCMO with x = 0.97 in pulsed magnets for
H | c. (a) and (d) ¢ axis magnetization (M). (b) and (e) ¢ axis
magnetostriction (AL/L), and (c) and (f) magnetocaloric effect
T(H). In (d), solid and dashed lines indicate pulsed field data and
SC magnet data, respectively. In (e) the change of ¢ axis electric
polarization [AP = P(H) — P(0), dotted lines] is also shown in
the right scale. Red and blue lines indicate up and down sweep,
respectively. (g) Time dependence of H for the SC magnet and (h)
short pulse magnet (d o H /dt up to 1500 T/s), and long pulse magnet
with 148 T/s.

Magnetostriction—the length change in response to magnetic
fields—was also measured as it confirms the magnetization
findings and is one of the most sensitive measurement tech-
niques for detecting magnetic transitions in pulsed magnetic
fields. It can be accurately determined for all different speeds
of magnetic field sweep rate used here, whereas magnetization
only works well for the fastest and slowest sweep rates. Mag-
netostriction was thus measured in pulsed magnets using an
optical fiber grating method [37,38,40] and in superconducting
magnets by a piezoelectric method [41] as well as an optical
fiber grating. Electric polarization changes A P(H) were also
measured in CCMO since it has been previously investigated
for multiferroic behavior and metastable steps were observed.
In pulsed magnets, electric polarization data were obtained in
CCMO by the standard technique of recording and integrating
changes in the induced surface charge on silver-paint contacts
on opposing ab faces of the sample, measured using a current
amplifier, after poling in an electric field of 645 kV/m from
40 K [39]. For CCMO, the magnetocaloric effect in the 60 T

shaped pulsed magnet was measured with the sample attached
to a thermally insulating probe in vacuum while a magnetic
field-calibrated resistance thermometer attached to the sample
recorded the temperature [42]. For CCO, the magnetocaloric
effect was measured by monitoring the temperature with
changing magnetic field with the sample mounted on the
“He heat capacity stage of a PPMS. All measurements are
shown for the magnetic easy axes H | ¢ while no metastable
behavior was observed for H L c. This suite of techniques
allows us to verify the bulk nature of the observed steps, rule out
experimental artifacts, and track the dynamics across extended
magnetic field sweep rates.

III. RESULTS

The magnetostriction data for CCMO are shown in Fig. 2
and demonstrate that the metastable steps occur for an inter-
mediate range of duoH /dt. The magnetostriction AL/L of
CCMO with x = 0.97 is plotted as a function of H at different
duoH /dt between 15 and 3200 T/s. One or two sharp steps
appearin AL /L forduyH /dt between 74 and 1400 T/s below
12 T. On the other hand, for slower and faster sweep rates,
AL/L increases smoothly in this field range.

We observe similar steplike behavior in other physical
properties of CCMO. In Fig. 3 the magnetization M(H),
electric polarization A P(H), magnetostriction AL/L, and
magnetocaloric effect T (H) are shown for CCMO, for sweep
rates where the steps occur. 7(H) was measured at 148 T/s
in the long pulse magnet due to the need for thermalization
time between the thermometer and the sample, while the other
quantities are shown measured in a short pulse magnet with
sweep rates up to 1500 T/s. For comparison we show the same
properties of CCO for sweep rates where the steps occur in that
compound, namely 0.01 T/s at 2 K in a SC magnet.

For CCMO in Fig. 3 we find two jumps in the magnetization
at ~4 and 6 T in the up sweep and one anomaly at 1.5 T
in the down sweep. The sweep rate duoH /dt corresponding
to the jumps is 1455 and 1210 T/s at 4 and 6 T in the
up sweep and 1 kT/s at 1.5 T on the down sweep. Similar
steps are observed in the ¢ axis magnetostriction and electric
polarization measurements. The steps are no longer observed
for a pulse with a peak sweep rate of 3000 T/s. For low sweep
rates in SC magnets with duoH/dt = 0.01 T/s, the steps
are also not observed: M(H) for CCMO in a SC magnet is
monotonic [dashed lines in Fig. 3(d)], as are other physical
properties described in the literature [29].

Moving on to CCO in a SC magnet with 0.01 T/s, in Fig. 3
the magnetization M (H) and the magnetostriction AL(H)/L
show three small metastable steps at regular H intervals
followed by a large, sweep-rate-independent step at 4 T. This
is consistent with previous results [13,17]. We note that the
magnetostriction of CCO is negative with increasing fields for
most of the CCO samples measured, positive for one sample,
and inconsistently negative and positive for one sample. All
CCO samples show the steps in the magnetostriction, only
the sign of the magnetostriction, varies, which may be due to
sample dependence or strain effects [40]. Upon decreasing H,
M 1is constant until a sudden drop at 2 T and decreases to a
remnant magnetization value at H = 0. The magnetocaloric
effect data correspondingly show three peaks—two large
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FIG. 4. Magnetization M vs magnetic field for CCO during an
upsweep of a 10 T magnetic field pulse (d o H /dt up to 1660 T/s) at
temperatures of 1.5, 4, 10, and 15 K. Applied magnetic field vs time
and the sweep rate are shown in Fig. 3(h) and the SM [35].

and one small—on the upsweep and one small peak on the
down sweep. Pulsed-field measurements of CCO were also
performed in a short pulse magnet with a peak sweep rate of
1500 T/s, as shown in Fig. 4. These measurements show that
in CCO at these fast sweep rates only one step is selected for
1.5 and 4 K, and two steps for 10 and 15 K.

To summarize these results, the metastable steps in the
physical properties of CCMO occur for sweep rates (measured
atthe field of the steps) between 74 and 1400 T/s at 1.4 K, while
for CCO steps onset above 1.6 x 10~ T/sat4 K [13,14] and
one or two steps persist up to 1400 T/s depending on 7. In fact
the difference in sweep rates between the two compounds is
even larger when considered at the same temperature. In CCO,
the sweep rate required to create steps becomes slower than
the measurement limit at 2 K.

In CCO, the metastable steps are evenly spaced in H
[13,14] and occur below 4 T. In CCMO several roughly evenly
spaced, metastable steps are found below 10 T. As the magnetic
field is further increased past the region of metastable steps,
both compounds show a sweep-rate-independent step toward
saturation, at 8 and 21 T in CCO and CCMO, respectively. In
CCO, this 8 T step leads to final saturation of the magnetization.
In CCMO, the step at 21 T has been ascribed to the saturation
of Ising-like Co** (S = 3/2) while the Mn** spins continue
to evolve until 85 T [31].

IV. DISCUSSION

The observation of metastable steps in multiple physical
properties proves that they are intrinsic features of the magnetic
systems. The fact that the steps occur in the two different
compounds at very different sweep rates indicates that they are
arobust and general consequence of the geometrical frustration
common to this structure class. Both materials feature a
frustrated triangular lattice containing Ising-like Co spins. In
CCMO, the presence of quasi-isotropic Mn** ions interspersed
between Ising-like Co*>" spins may provide a mechanism for
the much faster dynamics observed compared to CCO.

Below we discuss the implication of observing the steps in
both CCO and CCMO for several theoretical models. First
we note that the emergence of steps in CCMO cannot be
due to CCO impurities within the CCMO sample because the
size of the steps is macroscopic and reproducible for samples
with three different compositions x as shown in the SM [35].
Moreover, the steps in CCMO occur at different magnetic
fields and dramatically different sweep rates compared to those
in CCO.

Our results are also not consistent with models positing
quantum tunneling within ferromagnetic chains of Ising spins,
similar to quantum tunneling in single-molecule magnets
[13,14]. These models are already somewhat incompatible
with the previous observation of long-wavelength modulation
of the chains in CCO [21,26]. However in CCMO the ¢
axis chains form an 11| antiferromagnetic state, not a
ferromagnetic state, and thus a common quantum tunneling
mechanism for the steps can be ruled out.

Our results do not support models relying on ferromagnetic
chains forming different patterns in the ab plane [16-18] since
once again CCMO does not even have ferromagnetic chains.

The model that our results do support is a recent microscopic
model based on the ANNNI model for CCO [22,25]. Here it is
found that similar values of the magnetization and local spin
configurations can result from many different configurations
of the frustrated triangular lattice. This degeneracy of states
creates a high-entropy attractor and thus helps create a local
minimum in the free energy corresponding to each metastable
state [25]. Both CCO and CCMO have ground states consistent
with the ANNNI model, though with different exchange
interactions, and thus these two compounds could have similar
patterns of excited states within this model. In applied magnetic
fields certain spin configurations have very high degeneracy
due to the triangular lattice, and the high entropy of such states
therefore creates a minimum in the free energy [25]. This model
has been shown to reproduce the magnetization steps at finite
sweep rates in CCO [25]. In CCMO, modifications of this
model can also describe the observed behavior, however given
the complexity of CCMO with two magnetic ions and many
possible exchange paths, there is more than one possible model
for the details of the exchange interactions that can describe the
data [43]. Thus it remains an unsolved challenge to converge on
a single microscopic model for CCMO. Nevertheless, the
observation of qualitatively similar dynamic behavior in these
two triangular chain systems strongly supports the idea that
the metastable steps are intrinsic features of this frustrated
geometry.

The dynamic process of the observed metastable states in
CCO and CCMO can be understood in terms of reaction rate
theory [44—47]. Two characteristic time scales are involved
when the system enters into or escapes from a metastable state:
a relaxation time for the system to equilibrate with the local
minimum and an escape time for the system to overcome the
free energy barrier of the local minima. The relaxation time is
determined by the shape of the local minima and the escape
time is related to the shape of the local minima, magnitude
of the energy barrier, and phenomenological friction coef-
ficient when overcoming the free energy barrier [44,46,47].
The magnetocaloric effect data supports this model of local
metastable trapping as well. The magnetocaloric effect shows
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sudden irreversible heat release at the steps, consistent with a
first-order process at the steps with an energy barrier [42].

An open question is the spatial phase segregation that
was observed at H = 0 in CCO [27]. However, these phase
segregations were only observed at H =0 and it would
be unlikely for spontaneous magnetic phase segregation to
produce such regular and reproducible steps in M (H) in both
compounds. Further measurements of phase segregation in
applied H are necessary to further explore this issue.

Similar magnetization steps to CCO have also been ob-
served in isostructural Sr3Co,0¢ [48] though their dynamics
have not been investigated. Another system in which such
magnetic field sweep-rate dependence has been observed is
a metal-organic Cu-based frustrated kagome system [49].
Here a metastable 1/3 magnetization plateau was observed
in pulsed-field magnetization M versus magnetic field H
data that could only be accessed at certain magnetic field
sweep rates duoH /dt. This behavior was also attributed to
a complex energy landscape that allows metastable trapping
and relaxation to the ground state on certain timescales that
compete with the magnetic field sweep rate [49].

V. SUMMARY

We investigate emergent metastable behavior in frustrated
spin chain systems. We have used a uniquely broad range
of tunable magnetic field sweep rates enabled by recent
magnet developments at the NHMFL to uncover that field-
induced metastable steps occur in both CCO and CCMO.
The metastable steps are qualitatively similar between CCO
and CCMO, occurring at semiregular H intervals and are
suppressed at the extremes of high and low magnetic field

sweep rates. However, the sweep rate that is required to trigger
the steps in CCMO is at least six orders of magnitude faster than
thatin CCO. The presence of non-Ising-like Mn** interspersed
between Ising-like Co?* in CCMO is a likely source of faster
relaxation times.

The presence of metastable steps and the common frustrated
triangular geometry of these two compounds supports the
concept that these steps are a general consequence of the
frustration present in this isostructural family’s geometry.
The observation of steps across this set of measurement
techniques confirms the bulk character of the steps. Within
the frustrated geometry of these systems, consisting of chains
that are antiferromagnetically coupled in the triangular ab
plane, it could be possible to create excited states with high
degeneracy and/or local energy minima that entrap the system.
Consequently, despite the different ground states of CCO and
CCMO, a common metastable behavior can be induced by
finite magnetic sweep rates. Our results are consistent with a
recent model describing these materials in terms of a modified
ANNNI model in which metastable states correspond to highly
degenerate configurations of the triangular system [25].
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