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Evolution of field-induced metastable phases in the Shastry-Sutherland lattice magnet TmB,
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The appearance of a plateau in the magnetization of a quantum spin system subject to continuously varying
magnetic field invites the identification of a topological quantization. Indeed, the magnetization plateaus at
1/8 and 1/2 of saturation in TmB,4 have been suggested to be intrinsic, resulting from such a topological
quantization, or, alternatively, to be metastable phases. By means of neutron- and x-ray-scattering experiments
and magnetization measurements, we show that the 1/8 plateau is metastable, arising because the spin dynamics
are frozen below T = 4.5 K. Our experiments show that in this part of the phase diagram of TmB,, many
long-ranged orders with different propagation vectors may appear and coexist, particularly as the applied field
drives the system from one plateau to another. The magnetic structures accommodating a magnetization of ~1/8
seem to be particularly favorable, but still only appear if the system has sufficient dynamics to reorganize into a
superstructure as it is driven toward the expected plateau. This work demonstrates that TmB, represents a model
material for the study of slow dynamics, in and out of equilibrium.

DOI: 10.1103/PhysRevB.102.060407

Ising spin systems can have remarkably slow dynamics, be-
cause of the improbability of flipping spins at low temperature
[1]. This means that the dynamics are frozen on reasonable
experimental timescales, allowing the study of magnetic field
or temperature quenches, and out-of-equilibrium phenomena
in well-defined lattice models [2]. For example, in spin ice
[3], individual spin flips are point defects [4] in a correlated
but disordered background [5,6], and both reaction-diffusion
phenomena and avalanche responses can be observed [7-9].
In other Ising spin systems with competing interactions, gen-
erally known as ANNNI (anisotropic next-nearest-neighbor
interaction) models, a succession of phase transitions accom-
panied by a devil’s staircase of propagation vectors [10—12]
points to a rather flat energy landscape with many nearby
ordered states formed by changing the population and orga-
nization of elements such as stripes or blocks of flipped spins.
In materials such as CeSb [13] or Ho [14], successive states of
the staircase are accessible via equilibrium phase transitions.
However, the question of how such a system evolves when
the staircase of states occurs at temperatures below which the
spins fall out of equilibrium remains to be explored.

In TmBy4, the Tm** (J = 6) ions have a pseudodou-
blet ground state with dominant m; = 6 components and
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large (6.6up) Ising-like magnetic moments, located on a
Shastry-Sutherland lattice (SSL) [15]. When a magnetic field
H is applied along the tetragonal fourfold ¢ axis (space
group P4/mbm) at T ~ 2 K, fractional magnetization (M)
plateaus emerge at M ~ 1/8M, (1.4 < puoH < 1.8 T) and
M~ 1/2Mg (1.8 < woH < 3.5 T) of the saturation mag-
netization (M) [16,17], as in the phase diagram shown in
Fig. 1 [17]. The 1/2 plateau can be explained by calculations
of the ground state of frustrated Ising models on a SSL
[18-28] but the 1/8 plateau is more difficult to rationalize.
It appears in some models, but interpretations in terms of
complex structures at domain walls [17] or incommensurate
modulated magnetic order [29,30] have also been proposed.
A connection between the magnetization plateaus of TmBy
and the quantum Hall effect was made via a theory mapping
a spin system to a two-dimensional electron gas [31-33].
Although this theory may be relevant to the well-known
S = 1/2 Shastry-Sutherland lattice compound SrCu,(BO3);
[34,35], hysteresis effects [17], temperature-dependent values
of the magnetization in the plateau [29], and thermodynamic
measurements [36] show that the 1/8 plateau in TmB, is
metastable, so such a theory is probably not relevant to TmBy,.
Similar phase diagrams with fractional plateaus and multiple
ordered phases are observed for other members of the series
of RBy4, with R = Nd, Tb, Dy, Ho, Er [16,37-42].

In this work, we have made detailed investigations of
TmB, using neutron- and x-ray-scattering and magnetization
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FIG. 1. The phase diagram of TmB, based on magnetization
measurements [17] is shown by shaded regions and labeled in italics;
our phase diagram includes the hatching and labels in bold font. The
transition fields from upward field sweeps in our low-temperature
magnetization measurements (see Fig. 2) are shown as red circles,
squares indicate the positions of neutron diffraction maps measured
in this work, while the black line and arrows correspond to neutron
O scans. Within the red dashed lines, the system may be in differ-
ent metastable states, typically transitioning amongst them at the
boundaries of the underlying magnetization phase diagram. C-AFM
magnetic order is a coexistence of AFM Bragg peaks, incommensu-
rate Bragg peaks, and strong Q-dependent diffuse scattering. The S-
AFM region corresponds to a simpler AFM order with weak diffuse
scattering. The V-AFM region corresponds to a phase where both
AFM Bragg peaks and various incommensurate propagation vectors
were observed. I and II are modulated phases [17] not discussed in
this Rapid Communication.

measurements. At low temperature, we find a frozen regime
in which many history-dependent states appear as the system
is driven from one plateau to another. These states are char-
acterized by long-ranged orders with different propagation
vectors, which may coexist with one another and may also
coexist with short-ranged correlations. We suggest that the
temperature, field, and history dependencies of the 1/8 plateau
are a consequence of different degrees of self-organization
into superstructures, depending if the system passes from one
plateau to another in equilibrium or by quenching.

Tm'!'B, single crystals were grown by the floating zone
technique detailed in [43,44], using !'B to minimize neutron
absorption. Single-crystal neutron-scattering experiments in
an applied field were carried out on the following instru-
ments: the cold neutron diffractometer DMC, the single-
crystal thermal neutron diffractometer ZEBRA, the thermal
neutron triple-axis spectrometer EIGER at the Paul Scherrer
Institute, and the thermal neutron diffractometer D23 at the In-
stitut Laue-Langevin. Resonant x-ray-scattering experiments
were also carried out in the soft x-ray range at RESOXS
[45] at the SIM beamline [46] of the Swiss Light Source,
and in the hard x-ray range at P09 at DESY, at the Tm M5
and L3 edges, respectively. In the scattering experiments, we
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FIG. 2. Magnetization measurements on TmB, show the two
plateaus (a), but inspection of the 1/8 plateau (b) shows that the
value of the magnetization within the plateau is strongly temperature
dependent, and that for 7 < 2 K the plateau completely disappears
from the upward sweep.

either mapped regions of the (4, k, 0) plane, or made scans
through particular scattering features as a function of the wave
vector (Q). Magnetization measurements were made using a
superconducting quantum interference device magnetometer
with a 3He insert. Results obtained in the history-dependent
regime are reproduced only by using a specific protocol that
ensures that different observations at a given point of the
phase diagram are comparable. We used a field protocol
(FP) described originally by Sunku et al. [17] to minimize
hysteresis effects. The FP consists of zero-field cooling to a
given temperature, followed by a field ramp up to 5 T and
then back down to O T.

Magnetization measurements show that the 1/2 plateau is
rather stable, always having M ~ 1/2Mg, (though it is not
perfectly flat) and appearing for 7 < 10 K. The 1/8 plateau
typically appears when the FP is performed at 7 ~ 2 K,
where it is most pronounced on the downward sweep. Our
measurements, which extend to lower temperatures than those
described in Refs. [17,36,39,47], show that in the down-
ward sweep at T =35 K. M =~ 1/TMgy, for T =2 K, M =~
1/8Ms,, and at progressively lower temperatures the plateau
further diminishes [43]. For the upward sweep, the plateau is
entirely absent for 7 < 2 K, as shown in Fig. 2.

To investigate the phase diagram further, we performed
neutron- and x-ray-scattering experiments. When cooled in
zero field, TmBy first passes through two long-range-ordered
equilibrium phases (Ty; = 11.7 K; Ty, = 10.8 K) before en-
tering the Néel ordered antiferromagnetic (AFM) phase below
Ty = 10 K (S-AFM in Fig. 1). This phase has propagation
vector k = (1,0, 0), resulting in magnetic Bragg peaks at
(1,0,0) and (1,1,0). As this phase is further cooled to 2 K,
neutron-scattering experiments show the development of dif-
fuse scattering, which extends out of the magnetic Bragg
peaks along the (%, 0, 0) and (0, k, 0) directions [as shown
in Fig. 3(a)]. These streaks of diffuse scattering indicate that
the ordered spin system fragments into many small square
domains: The cross shape originates from the convolution
of the Bragg scattering with a two-dimensional box function
[48]. X-ray-scattering experiments show that the correlation
length is much longer parallel to the ¢ axis [43], implying a
three-dimensional system as for HoB4 [49]. After the FP, the
system returns to a different state at 2 K and zero field, charac-
terized by Bragg peaks with propagation vector k=(1,0,0)
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FIG. 3. Neutron-diffraction pattern at 2 K and zero field prior to the FP, showing a magnetic Bragg peak at (1,1,0), as well as weak diffuse
scattering (a). After the FP the magnetic Bragg peak (1,1,0) coexists with magnetic Bragg peaks with propagation vector k = (1 £ 8, 0, 0) with
8 = 1/8 and 3§ (b). With increasing temperature [(c), (d), (e)], the peaks at k= (1 £46,0, 0) disappear, leaving the magnetic Bragg peak at
(1,1,0) and pronounced diffuse scattering. By 9 K (e), the Bragg peak appears resolution limited for neutron diffraction, but a measurement
of the (1,0,0) AFM Bragg peak by resonant x-ray scattering (Tm M5 edge) with a similar temperature and no field history [43] shows that the
Bragg peaks still have a crosslike intensity distribution (inset). Data from DMC; the color scale represents the neutron intensity in arbitrary

units.

and k = (1+£4,0,0) (plus equivalent k domains and 338 har-
monics) with § ~ 1/8, as well as a cross of diffuse scattering
[Fig. 3(b)]. An average domain size of 590 + 30 A is esti-
mated from the width of the arms of the diffuse cross, though
the co-existence of two long-range orders and diffuse scatter-
ing suggests that there are many domain sizes in the system.

A mixture of domains of different antiferromagnetic struc-
tures is consistent with the zero net magnetization measured
at low temperature and zero field (Fig. 2 and Refs. [39,47]). Its
existence shows that the dynamics in the sample have become
so slow that the system remains frozen in a metastable mixed
state. This is further evidenced by using different speeds in
the field ramp down from the 1/2 plateau, which produces
different intensity distributions [43]. Slower ramping favors
the k = (1,0,0) peaks (Fig. 4), suggesting that this is the
equilibrium state at zero field.

On raising the temperature (after the FP, in zero field), the
remnant kK = (144, 0,0) phase melts at T ~ 4.5 K and the
system relaxes back to the Néel structure [Figs. 3(b)-3(f) and
[43]]. This process is reflected by the diminishing intensity of
the incommensurate peaks until they vanish into the diffuse
cross [Figs. 3(b)-3(d)]. As the incommensurate peaks dis-
appear, their propagation vector softens toward k=(1,0,0)
[43], suggesting that the superstructure reorganizes so that
its periodicity lengthens until it collapses, leaving small
kK =(1,0,0) domains. By T ~ 9 K, the k = (1, 0, 0) Bragg
peaks are resolution limited for neutron diffraction [Fig. 3(f)],
though the cross can still be detected in x-ray-scattering exper-
iments with finer wave-vector resolution [inset of Fig. 3(f)].

In neutron- and x-ray-scattering experiments, for all FP
sweeps we have performed (7 <7 K), we observe well-
defined plateaus with essentially field-independent inten-
sities between sharp boundaries, as in Fig. 4. However,
states with different propagation vectors [i.e., variable § in

k= (146,00 appear at different temperatures and at the
transitions between the plateaus [43]. The propagation vector
observed within a plateau at a given temperature is frozen, but
may differ between the upward and downward field sweep; in
the boundary region between plateaus the propagation vector
may change continuously or discontinuously. Mixed states
observed at the end of the FP have propagation vectors that de-
pend on the temperature at which the FP was performed [43].

— Field ramp —— , Field ramp

5 1,0,0) | [—#-5K 1,0,0) | |

g @ ) i 1.7K A* ()¢ ) :

S 283 x BB 2L

g =y v L7K Bjf o i v

N —— . = SRR i

E ’.-M L3 v ;,'W‘-.

g ¥, \ . g W e

E 0 Soaiieste—s 0 h v
0 1 2 3 4 5 0 1 2 3 4 5

=15 : 1.5 ;

E () (1+6,0,0)*/(1,6,0)t (d) (1+0,0,0)*/(1,6,0)f

B i an

5 1 | 1t i

b H 4

= i

— H [ iorin

205 5 ! 0.5 hasuanradd M X

7] H

= O® h

Sy OFTITS ey
5

0 1 2 3 4 5 0 1 2 3 4
Applied Field [T]

Applied Field [T]
FIG. 4. Field evolution of the integrated intensity of Bragg
peaks 0=(1,0,0) [panels (a) and (b)], 0=(1460,0),and 0 =
(1, 8, 0) [panels (c) and (d)] with temperature. Note that § is different
(or even multiple) at different points in the phase space, but all
superstructure intensity has been integrated. Two loops were done
at 1.7 K with faster and slower ramping speeds, measurements A
and B, respectively. The latter loop shows that the behavior of the
k= (14+46,0,0) (x) and k= (1, 8, 0) (+) domains may be different.
Plateau boundaries from the phase diagram are indicated by dotted
lines. Data from EIGER.
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In Fig. 4 we compare the integrated intensity of the k=
(1,0,0) and k = (1 + 4,0, 0) during field ramps. It should be
noted that the incommensurate peak may appear at different
values of § at different points of the field/temperature history,
but we use the integrated intensity to compare the proportion
of the system that is ordered in simple or super structures.
During upward field ramps for 7 > 4.5 K, the k= (1,0,0)
peaks established in zero field pass through a distinctive
minimum in intensity in the field range of the 1/8 plateau.
Then they are reestablished in the 1/2 plateau and disappear
in the high-field state. The k=(1+60,0) peaks appear
as the k = (1,0,0) peaks pass through the minimum, and
then the k = (1 +4,0,0) peaks remain in the 1/2 plateau
before disappearing in the high-field state. The downward
sweep is similar, but different relative intensities and values
of § may occur in and between the plateaus. For T < 4.5 K,
the simultaneous decrease of kK = (1,0, 0) and appearance of

k= (1+4,0,0) that is seen on the downward sweep, does
not typically occur on the upward sweep. In the minimum of
intensity for the k=(1,0,0) peaks on the downward sweep
that signifies the ~1/8 plateau, different arms of the star
of k = (144,0,0) may have a different evolution: Either
a weak evolution between the 1/2 plateau and zero magne-
tization state, or a strong maximum appears in Fig. 4. The
intensities at the lower edge of the plateau are then frozen in
without further change, forming the mixed state.

From these various observations, we can identify the con-
sequences of the Ising-like spin anisotropy and competing in-
teractions that determine the behavior of TmB,4. The compet-
ing interactions mean that there are many nearby low-energy
states, and the strong anisotropy means that the spin dynamics
become so slow that they freeze. Apparently this freezing
occurs at a temperature lying within or just above the energy
bandwidth of these states. Above the freezing temperature,
the dynamics are active and the system explores all possible
ground states induced by the applied field [43]. The Shastry-
Sutherland lattice in TmB4 has a four-atom basis with a (+ —
+—) configuration of Ising moments in the k= (1,0, 0) Néel
structure at zero field (see Fig. 3 in [30]). In the 1/8 plateau
about one spin in four unit cells must be flipped (depending on
the exact value of the magnetization) and in the 1/2 plateau,
one spin per unit cell must be flipped to obtain the required
magnetization. Although the 1/2 plateau can be accounted for
with a 3-up-1-down structure in every unit cell, which would
be broadly in agreement with the relative intensity changes of
the k = (1,0, 0) peaks, it appears that a proportion of these
spin flips form a more complicated superstructure, giving rise
to the k = (1+ 8,0, 0) peaks. As the field further changes the
population of spin flips at transitions between plateaus, the
system responds by rearranging them into superstructures (or
soliton lattices) with the most energy-efficient periodicity. As
a consequence we observe continuously or discretely varying
propagation vectors, reminiscent of the floating phase and
devil’s staircase of some ANNNI models, respectively [12].
The proliferation of domain walls as the plateau states are
converted back to the Néel state, evidenced by the cross of
diffuse scattering, suggests that extended structures of spin
flips have a low energy in the types of structure that exist in
this parameter space.

The superstructure associated with the 1/8 plateau appears
to be particularly favored: When the dynamics are active,
it can organize on upward or downward field sweeps, al-
most completely suppressing any other structures. Below the
freezing temperature, the field creates dynamics only when
it brings the system to a point where two structures are
degenerate, and, since the ramp rate in all our experiments
(T min~!) is rapid compared to any decay of the frozen struc-
tures (at least hours), the transitions correspond to quenches.
Only small degrees of self-organization can occur as the
system is driven from one plateau to another, requiring
avalanchelike spin reconfigurations, hence the superstructures
are less pronounced and sudden changes of intensity without
evolution of the propagation vector are seen between plateaus.

Considerable efforts have been dedicated to models of
TmB, with competing further neighbor (i.e. Ruderman-Kittel-
Kasuya-Yoshida) interactions, which can be parametrized to
produce long-range ordered phases in both 1/2 and 1/8
plateaus [18-28]. Experiments are usually interpreted in terms
of simple structures implied by idealized values of the plateau
magnetization (e.g., [31,36]). However, we show that history-
dependent values of M occur within the ~1 /8 plateau, and that
different structures with different periodicities occur in and
between the plateaus, and may coexist in history-dependent
proportions (Figs. 2, 3 and 4, [43]; see also Ref. [31]). At
low temperature the state of TmB4 is therefore not well
characterized as a long-range ordered phase with a unique
value of the magnetization.

Our experiments suggest that the theoretical question of
most importance in understanding TmB, is how a spin sys-
tem negotiates the complex energy landscape of such mod-
els with limited dynamics. Some efforts in this direction
have already identified firstly, the possibility of metastable
coexisting states in ANNNI models [50], and, secondly, in
a model of TmB4 [23], history-dependent plateau magne-
tization and interconversion of phases by proliferation of
domain walls in a manner qualitatively similar to that de-
scribed above. A detailed description of the periodicity of the
structures observed in TmBy, the reasons for the particular
stabilization of those with § ~ 1/8, and the mechanism of
their interconversion has not been achieved. Undoubtedly this
would be assisted by experimental efforts to trap the system
in fully characterized states whose structure can be fully
determined.

The puzzling low-temperature magnetic behavior of TmB4
appears to result from a combination of frustration and slow
dynamics. There are many ordered structures, but those with
k=(1,0,0) and k = (1 +6,0,0) with § ~ 1/8 seem to be
favored, leading to the regular observation of the 1/8 magne-
tization plateau when dynamics are sufficient for the system
to reorganize itself in the region of phase space where this
structure is stable.

The data that support this study are available via the
Zenodo repository [51].
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