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Metastable and localized Ising magnetism in «-CoV,0¢ magnetization plateaus
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a-CoV,0¢ consists of jeg = % Ising spins located on an anisotropic triangular motif with magnetization
plateaus in an applied field. We combine neutron diffraction with low temperature magnetization to investigate
the magnetic periodicity in the vicinity of these plateaus. We find these steps to be characterized by metastable
and spatially short-range (¢ ~ 10 A) magnetic correlations with antiphase boundaries defining a local periodicity
of (T'?) =1} to (T3) =11} and (T*) =41} or 111 spin arrangements. This shows the presence of spatially
short range and metastable/hysteretic, commensurate magnetism in Ising magnetization steps.
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I. INTRODUCTION

The magnetization of a classical Neel magnet in an applied
field varies continuously with the spins ideally rotating with
respect to the field direction to minimize energy. In quantum
antiferromagnets [1,2] and in particular in the presence of
frustrating magnetic interactions [3], the situation is more
complex and steps in the magnetization can exist where the
total S7 = >, S} is unchanged in a varying magnetic field
[4]. We investigate the magnetization in a jeg = % magnet
where a cascading series of hysteretic spatially short-range
periodicities characterize the plateaus in the magnetization.

For insulating magnetic compounds, the presence of a
magnetization plateau is indicative of an energetic gap. This
occurs in S = 1 compounds where a Haldane gap is present
[5-7] in contrast to § = % systems where the excitation spec-

trum is gapless [8—10]. While S :% compounds are not
expected to display magnetization plateaus based on ener-
getics, dimerized S = % magnets do display a gap [11,12]
and hence can show magnetization plateaus [13]. On more
general grounds, based on the Lieb-Mattis-Schultz theorem
[14], it has been proposed that half-integer spin based com-
pounds can display analogous Haldane gapped phases [15]
and hence plateaus in the magnetization. Based on this,
spatially short ranged dilute-dimerized phases have been
predicted in half-integer spins [16]. Other explanations for
magnetization plateaus include the order by disorder [17-19]
mechanism where a ground state is selected through quantum
fluctuations.

Steps in the magnetization have been reported in many
insulating and triangular based compounds [20-34] (also see
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table in Ref. [4]) and also in materials with a continuous sym-
metry [35-38] where field induced magnetic transitions are
observed. In many of these examples, the magnetization steps
are defined by phase transitions with spatially long-range cor-
relations accompanied by new Bragg peaks, where neutron
scattering data is available, and are understood by magnetic
Hamiltonians with competing exchange interactions. In this
paper we discuss another situation where the magnetization
plateaus are defined by short-range and metastable correla-
tions.

a-CoV,0g crystallizes in the centrosymmetric monoclinic
space group C2/m, with lattice parameters a = 9.2283(1),
b =3.50167(5), c = 6.5983(1) A, g = 112.0461(7)° differ-
ing from the triclinic y-CoV,0¢ polymorph [39]. The
structure is based on Co** (L =2, S = %) ions sited on an
anisotropic triangular motif [40—44]. The small exchange cou-
pling between the spins relative to the anisotropy energy [45]
is suggestive of an underlying Ising/uniaxial symmetry.

Considering the local octahedral field and spin-orbit cou-
pling, the ground state of Co*" can be projected onto a
Jeff = % [46,47] with the % spin-orbit levels well separated
in energy [45]. -CoV,0g differs from rocksalt CoO where
a large exchange constant induces strong mixing between the
Jeft spin-orbit levels [48—50]. The local crystalline distortion
further supports an Ising anisotropy in the spin orientation
[51,52], evidenced by a gap in the magnetic dynamics and
also the critical scattering discussed below.

We present results of the magnetic field and tempera-
ture dependence of the magnetic periodicities in «-CoV,Og
measured with neutron diffraction in single crystals and pow-
ders. This paper is divided into four sections including this
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introduction. We first state the experiments and the differ-
ent instruments used followed by a presentation of the low
temperature field dependence of the magnetic periodicities
including a comparison at high temperatures. We then discuss
the results on general grounds in the context of the Lieb-
Mattis-Shultz (LSM) theorem and compare this analysis to
previous theoretical predictions.

II. EXPERIMENT

Flux grown single crystals [53] and powders [54] were
characterized using the MORPHEUS (PSI, Switzerland) and
WISH (ISIS, UK) diffractometers. Neutron diffraction exper-
iments under applied magnetic fields used WISH with a verti-
cal magnetic field. Due to the detector and magnetic field lay-
out on WISH, kinematic constraints requiring access to mag-
netic Bragg peaks required the field have a significant compo-
nent along the crystallographic b axis. From a refinement of
the UB matrix from nuclear and magnetic Bragg positions, the
vertical magnetic field had components of 2.1, 15.2, and 85.3°
along the a, b, ¢ crystallographic axes, respectively. Based
on these constraints on WISH, we performed an experiment
on the cold triple-axis spectrometer RITA (PSI, Switzer-
land) using a horizontal magnet where the field could be
aligned along the c¢ axis. Diffraction in a horizontal field
and dilution fridge were done with fixed E; = E; = 5.0 meV
and with the field aligned along the crystallographic ¢ axis.
To reconcile results from the different field geometries, we
performed a diffraction experiment on a pressed polycrys-
talline pellet using TASP (PSI, Switzerland) with E; = Ef =
3.0 meV. Magnetization was performed using a low temper-
ature SQUID magnetometer at the Institut Néel in Grenoble
[55] and a Physical Properties Measurement System.

III. RESULTS

A summary of the WISH results in the (h0!) scattering
plane are shown in Figs. 1(a)-1(c) and are compared against
real space magnetic periodicities 1(d)—1(f). We note that all
data from WISH has had a high magnetic field (uoH = 6 T)
scan subtracted where the magnetism is saturated and hence
is a measure of the background originating from the sample
environment. Figure 1(a) plots 0.1 K, 0.015 T data after zero
field cooling. The observed O = ( 10%) peak originates from a
doubling of the unit cell along the ¢ axis and is drawn in real
space showing a (T'2) = 1 periodicity [56,57]. On increasing
the field to uoH = 2.75 T [Fig. 1(b)], as well as the (T =1
peak O = (10%), new momentum broadened magnetic peaks
atk = (%0%) positions are observed, characteristic of spatially
short range (7'*) = 11| or $11 translational periodicity.
We note that from the momentum dependence alone, there
is an ambiguity of the relative arrangement of spins for (74)
magnetism.

Figure 1(c) shows the same high field reciprocal space map
but at 7 = 1.6 K. In contrast to the 0.1 K data above 2.6 T
[Fig. 1(a)], only peaks at k= (%O%) positions are observed
characteristic of (73) = 41 periodicity. (13) is consis-
tent with the results of previously published in-field neutron
powder diffraction [56,57] and are resolution limited in
momentum, characteristic of long range spatial correlations.
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FIG. 1. Low temperature (7 = 0.1 K) diffraction maps at (a)
woH =0.015 T and (b) uoH = 2.75 T starting from a zero field
cooled state. (c) Anidentical scanat T = 1.6 K at uoH = 2.6 T. The
highlighted region shows the cut directions. The magnetic periodic-
ities are schematically shown for each scan in panels (d)—(f), with
moment directions fixed to that of the refined zero field structure.

The spatially short-range (7#) periodicity is only stabilized in
field at low temperatures. We now present the results of this
experiment with first a description of the field dependence at
low temperatures where the multiple commensurate periodic-
ities are stabilized. We then compare these results to the high
temperature diffraction where only (73) = 11 periodicity is
observed with diffraction measurements.

A. Field dependence

The different magnetic periodicities from the single crystal
WISH data illustrate a uniaxial arrangement of Co>t spins
along the highlighted [20%] direction with (72), (T3), and
(T*) translational symmetry depending on temperature and
magnetic field. Figure 2 plots diffraction cuts as a function
of applied field starting from a zero-field cooled state and in-
creasing the field [termed ‘up’ in Figs. 2(a) and 2(b)] through
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FIG. 2. (T = 0.1 K) scans along [hO%] from WISH. On increas-
ing the field momentum broadened k= ( %Oi) [panel (b)] peaks draw
intensity from Q = (10%). On decreasing the field from saturation,
these are replaced by momentum broadened peaks at k= (%0%).
At low fields [panel (d)], the zero-field structure is characterized
by k= (10%) but spatially short ranged. The solid curves are fits
described in the main text, and red bars are the resolution.

to saturation at 6 T and then on decreasing the field [termed
‘down’ in Figs. 2(c) and 2(d)].

The ground state after zero field cooling is characterized
by long range magnetic order with commensurate propagation
vector k = (10%). Upon increasing field (uoH |f ¢), magnetic
intensity is increasingly redistributed from the resolution lim-
ited (101) (7?) in Fig. 2(a) among momentum broadened
peaks at ( %Oi) and ( %O%) indicative of spatially short-range
(T*) order. On cycling through to the saturation field and
subsequently decreasing the magnetic field, Fig. 2(c) illus-
trates new momentum broadened (73) [at (%0%) and (‘3—‘0%)]
and (%) peaks [Fig. 2(d)] as the field is decreased, clearly
demonstrating a hysteretic degeneracy.
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FIG. 3. (a)—(d) powder data from TASP at T = 0.1 K with a
vertical magnetic field showing the presence of both (73) and (74).
(e)—(h) Single crystal data taken on RITA in the (k0!) plane with
the field aligned along the ¢ axis at T = 0.1 K showing (73) and
no observable (7'*) order in this field geometry. (i) shows magnetic
and structural characterization of the powder and the inset (j) shows
critical scattering described in the text.

The single crystal results illustrate different (7') corre-
lations depending on field orientation and strength. (73) is
expected based on previous powder diffraction and reports of
% plateaus of the saturated magnetism [58—63]. We confirm
this result by comparison of powder data in Figs. 3(a)-3(d)
which shows diffraction data on increasing the field at T =
0.1 K from a zero-field cooled state. On increasing the field,
we observe a complex series of magnetic peaks consistent
with simultaneous (72), (T3), and (T*) order (green tick
marks) due to spherical averaging of the field. We also confirm
the Ising nature implied from spectroscopy by considering the
powder diffraction [Fig. 3(i)] and extract a critical exponent
[Fig. 3(j)] for [M|> o |T — Ty|*# of B = 0.16(2) [64,65].
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FIG. 4. (a) illustrates low temperature magnetization data in the same field arrangement as the WISH diffraction experiments described
above. The thermodynamic data is compared against the (b) intensity and (c) and (d) correlation lengths extracted from WISH single crystal
diffraction. Data is presented for field increasing and decreasing experiments where (7#) and () periodicities are observed. (e) is a line cut
along [hO%] [highlighted in Figs. 1(a)-1(c)] and compared to cuts perpendicular to this direction both within and perpendicular to the (h0/)

scattering plane in panels (f) and (g).

Figures 3(e)-3(h) illustrate single crystal data (RITA) with
the field || to the ¢ axis showing only the stabilization of
spatially long-range (73) order. However the WISH single
crystal data shows that when the field is rotated away from
the ¢ axis, (T4) periodicity can be stabilized. We note that
(T* =4140! or #11] order can be constructed from an
underlying (73) order but with antiphase boundaries [66].
This can be seen by considering the example (73%) =14
and (T37) = | 4 (T3 T3HT3T37) = 11 440t it =
(T3+T4T2737). Therefore coexisting (T>*4) can be created
with (T3 ) order with antiphase boundaries. Given the j.; = %
Ising nature of the magnetic moments, we note that the an-
tiphase boundaries in «-CoV,0g are expected to be spatially
sharp in contrast to boundaries which are suggested to ex-
ist in large spin magnets such as CaFe,04 [67-69], which
are believed to be extended in space. We note that due to
the insulating nature of «-CoV,0¢, we interpret these new
periodicities in terms of local moment conserving antiphase
boundaries and not in terms of a density wave as observed in
itinerant materials [70,71]. This situation has been discussed
recently in the context of the magnetic order in Cu3Nb,Og
[72]. (T*) order is stabilized when the field is rotated away
from the ¢ axis allowing local antiphase boundaries to form
and () periodicity to emerge.

The multiple, metastable, commensurate periodicities are
summarized in Fig. 4 from WISH and compared to low-
temperature (7 = 0.085 K) magnetization [Fig. 4(a)] in a
similar field geometry, sensitive to the Q = 0 response. The
field is cycled from poH = O T up to saturation of the magne-
tization and then decreased, illustrated by the two halves. In
Figs. 4(b)-4(d), the intensity and correlation lengths are plot-
ted based on a fit to lattice Lorentzians [73,74] characteristic

of exponentially decaying spatial correlations parallel () and
perpendicular (£)) to the scan direction shown in Fig. 1,

sinh (a(,.fa’ 1)

1(G) x ;
@ cosh (a(,.fa—l) —cos(q - dg)

ey

where the correlation length along a particular direction d,
is given by &,. We note that for the diffraction experiments
on WISH, the experiments are energy integrating therefore
providing a measure of f dES(Q, E) = S(Q), therefore the
correlation lengths are the instantaneous values [64].

Fits are shown in Figs. 4(e) along the [hO%] direction
highlighted in Fig. 1 and perpendicular to panels (f) and (g)
with the resolution width defined by the vertical bars. (7*)
periodicity is observed on increasing the field with spatially
anisotropic correlations. Long-range spatial correlations are
observed along the [0kO] direction while very short range
correlations of just a few unit cells are seen along the stacking
direction (Fig. 1). (T*) order is only observed to be stabilized
on increasing the magnetic field from a zero-field cooled state.
On decreasing the field from magnetic saturation, short-range
(T3) order is observed with a similar spatial anisotropy to the
(T'*) order. We emphasize that this response is only observed
at low temperatures; at 7 = 1.6 K (Fig. 1) only spatially long
range (T') magnetic order is observed and is further discussed
in the next section.

Figure 4 demonstrates a hysteresis at low temperatures
when cycling the field through saturation with (7#) stabilized
on increasing the field but (T3) and finally (T?) on decreasing.
This is further shown in Fig. 5 which illustrates 7 = 0.1 K
diffraction data in the (40/) plane on WISH after cycling
the field through uoH — 6 T — 0 T at negative fields. On
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FIG. 5. T = 0.1 K WISH (ISIS) data in the (k0l) plane for negative fields taken after a uoH — 6 T — O T field cycle. On decreasing field
commensurate (1'2) =4 and (T*) spatially localized correlations exist. On increasing the field back to 0 T short-range (7) is recovered. The
results further illustrate strong hysteretic effects at low temperatures in -CoV,Og.

decreasing the field to uoH = —6 T, there is a region where
(T*y and (T?) spatial local correlations exists. On increasing
the field from uoH = —6 T — 0 T, spatially short-range
(T3) are observable on continuing to increase the field to 0 T.
These results are indicative of a strong hysteretic nature to the
magnetic correlations at low temperatures where the magnetic
spatial correlation length is only a few unit cells along the
stacking direction and coexists with other periodicities. While
our results are at finite temperature, we observe multiple in-
stabilities on changing magnetic field at low temperatures far
below the onset of Néel order (Fig. 3). We emphasize that the
spatially short range order found here cannot be interpreted
as magnetic field induced phase transitions as is the case in
the examples mentioned in the introduction to this paper due
to the absence of a resolution limited Bragg peak associated
with the establishment of long-range order.

B. Temperature dependence of the diffuse scattering

We now compare the low temperature field dependence of
the neutron diffraction and magnetization to high tempera-
tures where only (73) periodicity is observed (Fig. 1). The
comparison is illustrated in Fig. 6. For T < 100 mK, increas-
ing applied magnetic field from O T results in the stabilization
of a short-range ordered state with (7#) translational symme-
try. The magnetic diffuse scattering in this state is anisotropic,
with enhanced broadening of the component along the anti-
ferromagnetic propagation vector direction [10 %] compared
to the perpendicular component along [/ 02k]. This implies
enhanced disorder along the antiferromagnetic propagation
vector direction and supports the picture of stacking faults be-
tween ferromagnetic planes along this direction as discussed
above. After saturation at 6 T in the collinear ferromagnetic
state, decreasing field results in a shift of the propagation
vector from k = (% 0 i) tok = (% 0 %) and the stabilization of

a state with (7'3) translational symmetry. Magnetic intensity is
increasingly redistributed along the antiferromagnetic prop-
agation vector direction implying reduced correlation length
on the return leg of the field sweep. Returning to O T, the
k=10 %) state has developed a reduced correlation length
on account of the broad Q = (10 %) reflection. Conversely, at
T = 2 K, no shifting of the propagation vector on cycling field
through #u0H is observed, with the (73) state manifest on
both up and down field sweeps and comparatively only very
minor broadening of the O = (10 %) reflection.

IV. DISCUSSION

Theoretical work performed on the Ising model [75] re-
ports the existence of an infinite number of commensurate,
and collinear, magnetic phases at low temperatures based
on the presence of antiphase boundaries. This was found
to be supported when the anisotropic next nearest neighbor
interaction (ANNNI) satisfies _J—{Z > % With decreasing tem-

perature, we observe that both (7'3) (41) and spatially short
range (T*) (110]) can be stabilized. It will be interesting
for lower temperatures to be pursued to determine if further
periodicities can be stabilized. Indeed, the low temperature
magnetization data shown in Fig. 4(a) is suggestive of higher
order plateaus at fractional values of the saturated magneti-
zation. Judging from the spatially short-range nature of the
(T*) periodicity with neutron diffraction, such phases may
be too weakly correlated or short lived to observe [76]. In
this context of microscopic exchange and anisotropy energies,
these results suggest that strongly Ising-like ¢-CoV,0g may
have the correct balance of exchange couplings to support
an infinite series of commensurate phases with decreasing
temperature.
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FIG. 6. Field dependence of the bulk magnetization and diffuse neutron scattering in the (40/) plane for (a) 7 < 100 mK and (b) 7 < 2 K.
Below 100 mK, one finds a shift of the magnetic propagation vector from k= (% 0 %) tok = (% 0 %) upon cycling the field through £ oH
values, while at higher temperatures the propagation vector k= (% 0 %) is unchanged.
correlation lengths. These are not phase transitions with a
well defined Bragg peak in these plateaus and it is difficult
to understand these results in terms of the competing ex-
change interactions as reported in some localized magnets

However, «-CoV,0¢ displays low temperature magneti-
zation plateaus built upon metastable, spatially short-range,
and commensurate magnetic correlations that do not break
long-range translational symmetry owing to the finite spatial
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TABLE 1. Values of (S —m) = p/q for each of the magnetiza-
tion plateaus observed in Fig. 4(a).

§—m=p/q M /Mg (T4)
3—3=0 1 (T1) =11
3-0=3 0 (2 =14
1T6=3 3 (T%) =114
37T 3 (T =114, ML

(for example in Refs. [37,77]) and discussed in the previ-
ous paragraph. The presence of a plateau is indicative of an
energetic gap, yet translational symmetry is not broken in
a-Co,V,04. We now discuss this apparent dichotomy.

Following Ref. [15], on general grounds, without spec-
ifying the particular form of the microscopic magnetic
Hamiltonian, the origin of discrete steps in the magnetization
can be understood from the underlying translational symmetry
of the Hamiltonian. This underlying symmetry places restric-
tions on the values of the complex geometric phase acquired
when rotating the spins around an axis of symmetry. For a
Hamiltonian invariant under a site translation % +— THT !,
a norm preserving unitary rotation of the spins generates a
geometric phase under the gauge transformation

TUT*] — Uezﬂi(sfm)’ (2)

where m = 1 >k | SZ. This is akin to that gained by a Fou-
cault pendulum as it undergoes a unitary transformation about
the Earth’s axis. For (S —m) ¢ Z, the rotated state must be
orthogonal to the ground state and represent an excited state
with an infinitesimally larger energy in the thermodynamic
limit [15]. These states lead to a gapless continuum as Hal-
dane suggested [5]. In the case of integer values, states are
gapped and cannot be smoothly transformed through with the
application of field, leading to the emergence of magnetiza-
tion plateaus and a Bloch state analog of the quantum Hall
effect [15,78,79]. This is the Lieb-Mattis-Shultz theorem [14]
which states that a spin chain can have an energy gap without
breaking translational symmetry when the magnetization per
spin satisfies (S —m) € Z. In the case that (S —m) = p/q,
where p and ¢ are coprime, 77 preserves gauge invariance

and the ground state is endowed with 79 symmetry. This new
magnetization-induced symmetry can give rise to modulated
ground states, though the stability of such states is ultimately
determined by the interaction terms present in the microscopic
Hamiltonian.

The presence of a strong spin-orbit splitting between the
Jett = 5 ground state doublet and the excited jeg = % and

Jeit = 5 multiplets allows the intersite interaction Hamilto-
nian to be written in terms of effective spin-half operators,
S: = vJi, where y is a projection factor [80]. Using the gen-
eral arguments discussed previously, one can assign a value of
p/q to each of the magnetization plateaus and hence extract
the translational symmetry of the ground state as shown in
Table I.

Regarding the hysteresis reported in Figs. 4 and 5, given
the insulating nature [81] and the requirement of gauge in-
variance, this change in the ground state, despite completing
a closed loop of unitary transformations, maybe indicative
of a nontrivial underlying topological structure. We do not
expect a violation of the adiabatic theorem given the large
excitation gap (~1 meV) in comparison to the applied fields
(1T~ 0.1 meV), however a highly degenerate ground state is
expected for Ising spins on a triangular motif [82]. In further
analogy to the Hall effect, we note that hysteresis effects have
been reported in the fractional quantum Hall effect [83,84].
The hysteresis here is distinct from the very slow critical
behavior observed in Ca3Co,0¢ [19] where a phase transition
occurs, yet takes at least hours.

In summary, we have applied neutron diffraction and
magnetization in an applied magnetic field to report the
presence of multiple commensurate periodicities in an Ising
Jeft = % magnet. We find spatially short range and metastable
commensurate magnetic periodicities in the magnetization
plateaus. We have understood these spatially localized period-
icities in terms of the Lieb-Mattis-Shultz thereom. a-CoV,0¢
represents an example of Ising magnet displaying multi-
ple commensurate and metastable local periodicities defining
plateaus in the magnetization.

1
2
3
2

ACKNOWLEDGMENTS

We are grateful for funding from the EPSRC, STFC, the
Royal Society, and the Carnegie Trust for the Universities of
Scotland.

[1] A. V. Chubukov and D. I. Golosov, J. Phys.: Condens. Matter 3,
69 (1991).

[2] M. E. Zhitomirsky and T. Nikuni, Phys. Rev. B 57, 5013
(1998).

[3] K. Penc, N. Shannon, and H. Shiba, Phys. Rev. Lett. 93, 197203
(2004).

[4] M. Takigawa and F. Mila, Magnetization Plateaus, in Introduc-
tion to Frustrated Magnetism, edited by C. Lacroix, P. Medels,
and F. Mila (Springer, New York, 2010).

[5] F. D. M. Haldane, Phys. Lett. A 93, 464 (1983).

[6] I. Affleck, T. Kennedy, E. H. Lieb, and H. Tasaki, Phys. Rev.
Lett. 59, 799 (1987).

[7] M. Oshikawa, Phys. Rev. Lett. 84, 1535 (2000).

[8] A. Vasiliev, O. Volkova, E. Zvereva, and M. Markina, npj
Quantum Mater. 3, 18 (2018).

[9] D. A. Tennant, T. G. Perring, R. A. Cowley, and S. E. Nagler,
Phys. Rev. Lett. 70, 4003 (1993).

[10] J. Villain, Physica B 79, 1 (1975).

[11] I. S. Jacobs, J. W. Bray, H. R. Hart, L. V. Interrante, J. S. Kasper,
G. D. Watkins, D. E. Prober, and J. C. Bonner, Phys. Rev. B 14,
3036 (1976).

[12] M. Hase, I. Terasaki, and K. Uchinokura, Phys. Rev. Lett. 70,
3651 (1993).

[13] Y. H. Matsuda, N. Abe, S. Takeyama, H. Kageyama, P. Corboz,
A. Honecker, S. R. Manmana, G. R. Foltin, K. P. Schmidt, and
F. Mila, Phys. Rev. Lett. 111, 137204 (2013).

195136-7


https://doi.org/10.1088/0953-8984/3/1/005
https://doi.org/10.1103/PhysRevB.57.5013
https://doi.org/10.1103/PhysRevLett.93.197203
https://doi.org/10.1016/0375-9601(83)90631-X
https://doi.org/10.1103/PhysRevLett.59.799
https://doi.org/10.1103/PhysRevLett.84.1535
https://doi.org/10.1038/s41535-018-0090-7
https://doi.org/10.1103/PhysRevLett.70.4003
https://doi.org/10.1016/0378-4363(75)90101-1
https://doi.org/10.1103/PhysRevB.14.3036
https://doi.org/10.1103/PhysRevLett.70.3651
https://doi.org/10.1103/PhysRevLett.111.137204

L. EDWARDS et al.

PHYSICAL REVIEW B 102, 195136 (2020)

[14] E. Lieb, T. Schultz, and D. Mattis, Ann. Phys. 16, 407 (1961).

[15] M. Oshikawa, M. Yamanaka, and 1. Affleck, Phys. Rev. Lett.
78, 1984 (1997).

[16] K. Totsuka, Phys. Rev. B 57, 3454 (1998).

[17] C. L. Henley, Phys. Rev. Lett. 62, 2056 (1989).

[18] A. 1. Smirnov, T. A. Soldatov, O. A. Petrenko, A. Takata, T.
Kida, M. Hagiwara, A. Y. Shapiro, and M. E. Zhitomirsky,
Phys. Rev. Lett. 119, 047204 (2017).

[19] S. Agrestini, C. L. Fleck, L. C. Chapon, C. Mazzoli, A.
Bombardi, M. R. Lees, and O. A. Petrenko, Phys. Rev. Lett.
106, 197204 (2011).

[20] T. Takagi and M. Mekata, J. Phys. Soc. Jpn. 64, 4609 (1995).

[21] H. Kikuchi, Y. Fujii, M. Chiba, S. Mitsudo, T. Idehara, T.
Tonegawa, K. Okamoto, T. Sakai, T. Kuwai, and H. Ohta, Phys.
Rev. Lett. 94, 227201 (2005).

[22] H. Kageyama, K. Yoshimura, K. Kosuge, M. Azuma, M.
Takano, H. Mitamura, and T. Goto, J. Phys. Soc. Jpn. 66, 3996
(1997).

[23] H. Kageyama, K. Yoshimura, K. Kosuge, H. Mitamura, and T.
Goto, J. Phys. Soc. Jpn. 66, 1607 (1997).

[24] V. Hardy, M. R. Lees, A. Maignan, S. Hebert, D. Flahaut, C.
Martin, and D. M. Paul, J. Phys. Condens. Matter 15, 5737
(2003).

[25] Y. B. Kudasov, Phys. Rev. Lett. 96, 027212 (2006).

[26] E. V. Sampathkumaran and A. Niazi, Phys. Rev. B 65,
180401(R) (2002).

[27] S. Niitaka, K. Yoshimura, K. Kosuge, M. Nishi, and K. Kakurai,
Phys. Rev. Lett. 87, 177202 (2001).

[28] V. Hardy, C. Martin, G. Martinet, and G. André, Phys. Rev. B
74, 064413 (2006).

[29] A. Maignan, V. Hardy, S. Hebert, M. Drillon, M. R. Lees, O.
Petrenko, D. M. K. Paul, and D. Khomskii, J. Mater. Chem. 14,
1231 (2004).

[30] K. Okamoto, T. Tonegawa, and M. Kaburagi, J. Phys. Condens.
Matter 15, 5979 (2003).

[31] K. C. Rule, A. U. B. Wolter, S. Siillow, D. A. Tennant, A. Briihl,
S. Kohler, B. Wolf, M. Lang, and J. Schreuer, Phys. Rev. Lett.
100, 117202 (2008).

[32] K. Katsumata, H. A. Katori, S. Kimura, Y. Narumi, M.
Hagiwara, and K. Kindo, Phys. Rev. B 82, 104402 (2010).

[33] R. Ishii, S. Tanaka, K. Onuma, Y. Nambu, M. Tokgunaga,
T. Sakakibara, N. Kawashima, Y. Maeno, C. Broholm, D. P.
Gatreaux, J. Y. Chan, and S. Nakatsuji, EPL 94, 17001 (2011).

[34] H. Ueda, H. A. Katori, H. Mitamura, T. Goto, and H. Takagi,
Phys. Rev. Lett. 94, 047202 (2005).

[35] S. Mitsuda, M. Moase, K. Prokes, H. Kitazawa, and H. A.
Katori, J. Phys. Soc. Jpn. 69, 3513 (2000).

[36] N. Terada, S. Mitsuda, K. Prokes, O. Suzuki, H. Kitazawa, and
H. A. Katori, Phys. Rev. B 70, 174412 (2004).

[37] R. S. Fishman and S. Okamoto, Phys. Rev. B 81, 020402(R)
(2010).

[38] R. S. Fishman, Phys. Rev. Lett. 106, 037206 (2011).

[39] M. Lenertz, A. Dinia, S. Colis, O. Mentre, G. Andre, F. Porcher,
and E. Suard, J. Phys. Chem. C 118, 13981 (2014).

[40] P. Fazekas and P. W. Anderson, Philos. Mag. 30, 423 (1974).

[41] C. Stock, L. C. Chapon, O. Adamopoulos, A. Lappas, M. Giot,
J. W. Taylor, M. A. Green, C. M. Brown, and P. G. Radaelli,
Phys. Rev. Lett. 103, 077202 (2009).

[42] M. Giot, L. C. Chapon, J. Androulakis, M. A. Green, P. G.
Radaelli, and A. Lappas, Phys. Rev. Lett. 99, 247211 (2007).

[43] R. L. Dally, R. Chisnell, L. Harriger, Y. Liu, J. W. Lynn, and
S. D. Wilson, Phys. Rev. B 98, 144444 (2018).

[44] R. L. Dally, Y. Zhao, Z. Xu, R. Chisnell, M. B. Stone, J. W.
Lynn, L. Balents, and S. D. Wilson, Nat. Commun. 9, 2188
(2018).

[45] F. Wallington, A. M. Arevalo-Lopez, J. W. Taylor, J. R. Stewart,
V. Garcia-Sakai, J. P. Attfield, and C. Stock, Phys. Rev. B 92,
125116 (2015).

[46] M. Nandi, K. Nazir, B. Dilip, A. Midya, and M. Prabhat,
J. Phys. Chem. C 118, 1668 (2014).

[47] P. M. Sarte, A. M. Arévalo-Lépez, M. Songvilay, D. Le, T.
Guidi, V. Garcia-Sakai, S. Mukhopadhyay, S. C. Capelli, W. D.
Ratcliff, K. H. Hong, G. M. McNally, E. Pachoud, J. P. Attfield,
and C. Stock, Phys. Rev. B 98, 224410 (2018).

[48] R. A. Cowley, W. J. L. Buyers, C. Stock, Z. Yamani, C. Frost,
J. W. Taylor, and D. Prabhakaran, Phys. Rev. B 88, 205117
(2013).

[49] P. M. Sarte, M. Songvilay, E. Pachoud, R. A. Ewings, C. D.
Frost, D. Prabhakaran, K. H. Hong, A. J. Browne, Z. Yamani,
J. P. Attfield, E. E. Rodriguez, S. D. Wilson, and C. Stock, Phys.
Rev. B 100, 075143 (2019).

[50] P. M. Sarte, R. A. Cowley, E. E. Rodriguez, E. Pachoud, D. Le,
V. Garcia-Sakai, J. W. Taylor, C. D. Frost, D. Prabhakaran, C.
MacEwen, A. Kitada, A. J. Browne, M. Songvilay, Z. Yamani,
W. I. L. Buyers, J. P. Attfield, and C. Stock, Phys. Rev. B 98,
024415 (2018).

[51] B. Kim, B. H. Kim, K. Kim, H. C. Choi, S.-Y. Park, Y. H. Jeong,
and B. 1. Min, Phys. Rev. B 85, 220407(R) (2012).

[52] N. Hollmann, S. Agrestini, Z. Hu, Z. He, M. Schmidt, C.-
Y. Kuo, M. Rotter, A. A. Nugroho, V. Sessi, A. Tanaka,
N. B. Brookes, and L. H. Tjeng, Phys. Rev. B 89, 201101(R)
(2014).

[53] Z. He, J. I. Yamaura, Y. Ueda, and W. Cheng, J. Am. Chem.
Soc. 131, 7554 (2009).

[54] M. Markkula, A. M. Arevalo-Lopez, and J. P. Attfield, J. Solid
State Chem. 192, 390 (2012).

[55] C. Paulsen, Introduction to Physical Techniques in Molecular
Magnetism: Structural and Macroscopic Techniques (Servicio
de Publicaciones de la Universidad de Zaragoza, Zaragoza,
2001).

[56] M. Markkula, A. M. Arévalo-Ldpez, and J. P. Attfield, Phys.
Rev. B 86, 134401 (2012).

[57] M. Lenertz, J. Alaria, D. Stoeffler, S. Colis, A. Dinia, O.
Mentré, G. André, F. Porcher, and E. Suard, Phys. Rev. B 86,
214428 (2012).

[58] M. Lenertz, J. Alaria, D. Stoeffler, S. Solis, and A. Dinia,
J. Phys. Chem. C 115, 17190 (2011).

[59] K. Singh, A. Maignan, D. Pelloquin, O. Perez, and C. Simon,
J. Mater. Chem. 22, 6436 (2012).

[60] Y. Xiaoyan, J. Phys. Chem. A 116, 2278 (2012).

[61] A. Sail, D. Vodenicarevic, and G. Radtke, Phys. Rev. B 87,
024403 (2013).

[62] Z. He and W. Cheng, J. Magn. Magn. Mater. 362, 27 (2014).

[63] C. B. Liu, Z. Z. He, S. L. Wang, M. Yang, Y. Liu, Y. J. Liu, R.
Chen, H. P. Zhu, C. Dong, J. Z. Ke, Z. W. Ouyang, Z. C. Xia,
and J. F. Wang, J. Phys.: Condens. Matter 31, 375802 (2019).

[64] M. F. Collins, Magnetic Critical Scattering (Oxford University
Press, New York, 1989).

[65] S. T. Bramwell and P. C. W. Holdsworth, J. Appl. Phys. 73,
6096 (1993).

195136-8


https://doi.org/10.1016/0003-4916(61)90115-4
https://doi.org/10.1103/PhysRevLett.78.1984
https://doi.org/10.1103/PhysRevB.57.3454
https://doi.org/10.1103/PhysRevLett.62.2056
https://doi.org/10.1103/PhysRevLett.119.047204
https://doi.org/10.1103/PhysRevLett.106.197204
https://doi.org/10.1143/JPSJ.64.4609
https://doi.org/10.1103/PhysRevLett.94.227201
https://doi.org/10.1143/JPSJ.66.3996
https://doi.org/10.1143/JPSJ.66.1607
https://doi.org/10.1088/0953-8984/15/33/307
https://doi.org/10.1103/PhysRevLett.96.027212
https://doi.org/10.1103/PhysRevB.65.180401
https://doi.org/10.1103/PhysRevLett.87.177202
https://doi.org/10.1103/PhysRevB.74.064413
https://doi.org/10.1039/B316717H
https://doi.org/10.1088/0953-8984/15/35/307
https://doi.org/10.1103/PhysRevLett.100.117202
https://doi.org/10.1103/PhysRevB.82.104402
https://doi.org/10.1209/0295-5075/94/17001
https://doi.org/10.1103/PhysRevLett.94.047202
https://doi.org/10.1143/JPSJ.69.3513
https://doi.org/10.1103/PhysRevB.70.174412
https://doi.org/10.1103/PhysRevB.81.020402
https://doi.org/10.1103/PhysRevLett.106.037206
https://doi.org/10.1021/jp503389c
https://doi.org/10.1080/14786439808206568
https://doi.org/10.1103/PhysRevLett.103.077202
https://doi.org/10.1103/PhysRevLett.99.247211
https://doi.org/10.1103/PhysRevB.98.144444
https://doi.org/10.1038/s41467-018-04601-1
https://doi.org/10.1103/PhysRevB.92.125116
https://doi.org/10.1021/jp4069812
https://doi.org/10.1103/PhysRevB.98.224410
https://doi.org/10.1103/PhysRevB.88.205117
https://doi.org/10.1103/PhysRevB.100.075143
https://doi.org/10.1103/PhysRevB.98.024415
https://doi.org/10.1103/PhysRevB.85.220407
https://doi.org/10.1103/PhysRevB.89.201101
https://doi.org/10.1021/ja902623b
https://doi.org/10.1016/j.jssc.2012.04.029
https://doi.org/10.1103/PhysRevB.86.134401
https://doi.org/10.1103/PhysRevB.86.214428
https://doi.org/10.1021/jp2053772
https://doi.org/10.1039/c2jm16290c
https://doi.org/10.1021/jp209830b
https://doi.org/10.1103/PhysRevB.87.024403
https://doi.org/10.1016/j.jmmm.2014.03.021
https://doi.org/10.1088/1361-648X/ab26fe
https://doi.org/10.1063/1.353481

METASTABLE AND LOCALIZED ISING MAGNETISM IN ...

PHYSICAL REVIEW B 102, 195136 (2020)

[66] C. Stock, E. E. Rodriguez, N. Lee, F. Demmel, P. Fouquet,
M. Laver, C. Niedermayer, Y. Su, K. Nemkovski, M. A.
Green, J. A. Rodriguez-Rivera, J. W. Kim, L. Zhang, and S.-W.
Cheong, Phys. Rev. Lett. 119, 257204 (2017).

[67] E. D. M. Haldane, Phys. Rev. Lett. 50, 1153 (1983).

[68] C. Stock, E. E. Rodriguez, N. Lee, M. A. Green, F. Demmel,
R. A. Ewings, P. Fouquet, M. Laver, C. Niedermayer, Y. Su, K.
Nemkovski, J. A. Rodriguez-Rivera, and S.-W. Cheong, Phys.
Rev. Lett. 117, 017201 (2016).

[69] H. Lane, C. Stock, S.-W. Cheong, F. Demmel, R. A. Ewings,
and F. Kriiger, Phys. Rev. B 102, 024437 (2020).

[70] E. E. Rodriguez, C. Stock, K. L. Krycka, C. F. Majkrzak, P.
Zajdel, K. Kirshenbaum, N. P. Butch, S. R. Saha, J. Paglione,
and M. A. Green, Phys. Rev. B 83, 134438 (2011).

[71] C. Stock, E. E. Rodriguez, P. Bourges, R. A. Ewings, H. Cao,
S. Chi, J. A. Rodriguez-Rivera, and M. A. Green, Phys. Rev. B
95, 144407 (2017).

[72] N. Giles-Donovan, N. Qureshi, R. D. Johnson, L. Y. Zhang,
S.-W. Cheong, S. Cochran, and C. Stock, Phys. Rev. B 102,
024414 (2020).

[73] A. Guinier, X-Ray Diffraction in Crystals, Imperfect Crystals,
and Amorphous Bodies (W. H. Freeman, San Francisco, 1963).

[74] 1. A. Zaliznyak and S. H. Lee, Modern Techniques for Char-
acterizing Magnetic Materials (Kluwer Academic Publishers,
Boston, 2007).

[75] M. E. Fisher and W. Selke, Phys. Rev. Lett. 44, 1502
(1980).

[76] Y. Kudasov and R. Kozabaranov, EPJ Web Conf. 185, 03002
(2018).

[77] J. Chen, W. Z. Zhuo, M. H. Qin, S. Dong, M. Zeng, X. B. Lu,
X. S. Gao, and J. M. Liu, J. Phys.: Condens. Matter 28, 346004
(2016).

[78] H. L. Stormer, D. C. Tsui, and A. C. Gossard, Rev. Mod. Phys.
71, S298 (1999).

[79] R. B. Laughlin, Phys. Rev. B 23, 5632 (1981).

[80] A. Abragam and B. Bleaney, Electron Paramagnetic Resonance
of Transition lons (Dover, New York, 1986).

[81] M. Oshikawa, Phys. Rev. Lett. 90, 236401 (2003).

[82] J. Stephenson, J. Math Phys. 5, 1009 (1964).

[83] H. Cho, J. B. Young, W. Kang, K. L. Campman, A. C. Gossard,
M. Bichler, and W. Wegscheider, Phys. Rev. Lett. 81, 2522
(1998).

[84] S. Ihnatsenka and 1. V. Zozoulenko, Phys. Rev. B 75, 035318
(2007).

195136-9


https://doi.org/10.1103/PhysRevLett.119.257204
https://doi.org/10.1103/PhysRevLett.50.1153
https://doi.org/10.1103/PhysRevLett.117.017201
https://doi.org/10.1103/PhysRevB.102.024437
https://doi.org/10.1103/PhysRevB.83.134438
https://doi.org/10.1103/PhysRevB.95.144407
https://doi.org/10.1103/PhysRevB.102.024414
https://doi.org/10.1103/PhysRevLett.44.1502
https://doi.org/10.1051/epjconf/201818503002
https://doi.org/10.1088/0953-8984/28/34/346004
https://doi.org/10.1103/RevModPhys.71.S298
https://doi.org/10.1103/PhysRevB.23.5632
https://doi.org/10.1103/PhysRevLett.90.236401
https://doi.org/10.1063/1.1704202
https://doi.org/10.1103/PhysRevLett.81.2522
https://doi.org/10.1103/PhysRevB.75.035318

