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We present a single-crystal neutron diffraction study on the Shastry-Sutherland lattice system TbB, at zero
magnetic field and under pulsed high magnetic fields up to 35 T applied along the crystallographic ¢ axis. While
our results confirm the magnetic structures at zero field as well as those at the half- and full-magnetization
plateaus, they offer insight into the 2/9- and 1/3-magnetization plateaus observed in this system. A stripe model
of polarized 4-spin plaquettes whose stripe density proportionally increases with the macroscopic magnetization
is in full agreement with the neutron diffraction data. Equally well-suited alternative models exist which explain
the observed Bragg peaks being inherently limited in a pulsed high magnetic field experiment. We discuss the
different intensity distributions in Q space which can be used to distinguish these models in future experiments.

DOLI: 10.1103/PhysRevB.106.094427

I. INTRODUCTION

Geometrically frustrated systems with structural motifs
such as triangles, squares, or tetrahedra reveal strongly com-
peting exchange interactions which lead to the suppression of
long-range magnetic order, a large ground state degeneracy,
and exotic magnetic structures [1,2]. The Shastry-Sutherland
lattice (SSL) is a well-known example of a frustrated sys-
tem with an exact ground state solution and consists of a
square lattice with antiferromagnetic nearest-neighbor and al-
ternating diagonal next-nearest-neighbor interactions [3]. The
family of tetraborides crystallizing in a tetragonal space group
P4/mbm [4] has gathered a lot of interest as their crystal
structure—consisting of a network of squares and triangles
(see Fig. 1)—can be mapped onto the SSL. Diverse magnetic
properties have been observed in the different members of
the rare-earth (R) tetraborides RB,4 featuring simple antifer-
romagnetic structures with magnetic moments along the ¢
axis for ErB4 [5,6] and DyB, [5] or within the a-b plane
for GdB4 [7,8] and TbBy4 [6,9,10], but also more complex
magnetic structures such as in HoB4 [11] and TmB4 [12,13].
All these systems show an even more intricate behavior when
a magnetic field is applied as evidenced by the presence of
fractional magnetization plateaus [8,14—19] and substantial
theoretical effort was made to identify the microscopic driving
forces for these phenomena [20-24]. Neutron diffraction stud-
ies examining the plateau phases are rather scarce and focus
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on those rare-earth tetraborides with a low saturation field
which is the case for the Ising-like HoB,4 [19] and TmB4 [12],
with the exception of the first application of pulsed high
magnetic fields to reveal the half-magnetization plateau in
TbB,4 [25], the compound being the focus of this study.
TbB4 reveals two magnetic phase transitions at 7y; = 44 K
and 7x, = 24 K as shown by macroscopic methods [26,27]
and neutron diffraction experiments [6,10]. An orthorhombic
distortion to Pbam symmetry was reported to take place at
around 80 K [28], i.e., above both magnetic phase transitions,
but this was later challenged by Novikov er al. [27] who
located the structural transition temperature between Ty; and
Tn>. The magnetic structure below Ty; can be described in
P4/m'b'm’ symmetry with the magnetic moments lying along
the diagonals of the tetragonal basal plane and below 7y, the
spins tilt towards the a axis within Pb'a’m’ symmetry [10]
leading to two magnetic domains. Magnetization and magne-
tostriction measurements [15] performed upon the application
of a high magnetic field along the ¢ axis revealed a cascade
of field-induced magnetic phase transitions and a complex
phase diagram, which we reproduce in Fig. 2 due to its im-
portance in the present study. The magnetic structure of the
half-magnetization plateau M /Mg = 1/2 phase was determined
by neutron diffraction experiments [25] in pulsed magnetic
fields up to 30 T. A model consisting of an XY - and Ising
spin mixture was proposed in which the magnetic unit cell
is doubled along the a and b axes and only one out of two
4-spin square plaquettes is significantly polarized along the
¢ axis. This model is motivated by the orthogonal spin ar-
rangement within one plaquette (next-nearest neighbors) at
zero field and the nearly orthogonal one along the diagonal

©2022 American Physical Society
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FIG. 1. View along the ¢ axis of the crystal structure of TbB,
which maps onto the Shastry-Sutherland lattice consisting of con-
nected triangles and squares (emphasized by blue bonds between the
Tb ions). The cell edges are shown as black lines (a range from —0.2
to 2.2 expressed in multiples of lattice parameters is depicted along
the a and b directions).

interaction (nearest neighbors) with applied field, suggesting
the presence of a biquadratic term in the SSL Hamiltonian
which stabilizes perpendicular magnetic moments and qual-
itatively explains the observed magnetization plateaus. In
this paper, we present further single-crystal neutron diffrac-
tion data under a pulsed magnetic field applied along the ¢
axis yielding unique microscopic evidence for the 2/9- and
1/3-magnetization plateaus. The identified phases can be ex-
plained by a stripe model reminiscent of the charge order
in cuprates [29-33] and manganites [34-37] as well as with
the layered 214 nickelates [38—41] and cobaltates [42—-44].
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FIG. 2. (a) Magnetization vs magnetic field at T = 4.2 K for an
applied magnetic field along the ¢ axis. The arrows and fractions
corresponding to the magnetization ratio M /My indicate the transi-
tions into the corresponding fractionalized magnetization plateaus.
(b) Temperature vs magnetic field phase diagram deduced from these
magnetization measurements [(a) and (b) are both adapted from
Ref. [15]].

In the field-induced phases of TbBy4 the building block of a
stripe consists of a polarized 4-spin plaquette belonging to one
conventional crystallographic unit cell and the stripe density
is proportional to the macroscopic magnetization value. We
further discuss different potential models to explain both our
and previously published data [25]. We detail how further
neutron diffraction experiments are needed to distinguish the
pertinent model.

II. EXPERIMENT

Single crystals of TbBy4 enriched up to 99.52% by ''B
were grown by the floating zone method detailed in Ref. [45].
The single-crystal diffraction experiment at zero magnetic
field was performed at the D23 diffractometer (ILL, Greno-
ble) in four-circle geometry using a plaquettelike sample
with dimensions of roughly 2 x 2 x 0.5 mm?® along the main
crystallographic axes (note that the exact sample shape was
described as a convex-hull model with seven delimiting crys-
tal planes using the MAG2POL [46] program which was also
employed for the nuclear and magnetic structure refinement).
A wavelength of 1.272 A provided by the (200) reflection of a
Cu monochromator was used. The non-negligible absorption
due to the imperfect B substitution was taken into account by
calculating the beam path lengths inside the crystal (z;, and
Tout Tepresenting the path lengths before and after the diffrac-
tion process, respectively) for all measured reflections in order
to apply the transmission factor integral exp[—u(Tin + Tour)]-
Hereby, the linear absorption coefficient ;v depends on the
refinable ''B concentration and is recalculated in every itera-
tion of the structure refinement using the on-the-fly absorption
correction in MAG2POL. The magnetic structures developing
under a magnetic field applied parallel to the crystallographic
c axis were investigated on the CEA-CRG thermal neu-
tron spectrometer IN22 (ILL, Grenoble). The instrument was
equipped with the pulsed field setup described in Ref. [47],
including a 1.15-MJ generator and a 40-T conical pulsed
magnet. The latter yields long pulses with a total duration of
100 ms, a rise time of 23 ms, and a repetition rate of one 40-T
shot every 10 min. A wavelength of A = 1.53 A supplied by
the (002) reflection of a pyrolytic graphite (PG) monochroma-
tor was used for the experiment. Two different single-crystal
samples were prepared for the measurements of the (200) and
the (110) reflections, respectively, both specimens being of
dimensions 2 x 2 x 1-2.5 mm?.

II1. RESULTS

A. Zero-field magnetic structures

The nuclear structure was investigated at T = 54 K using
a data set consisting of 1565 Bragg reflections (146 unique in
space group P4/mbm). As a first step the observed integrated
intensities were averaged over P1 symmetry (907 unique re-
flections) as Friedel pairs reveal exactly the same neutron
beam path lengths. The refined parameters were the atomic
positions, the isotropic temperature factors, the diagonal ele-
ments of the extinction correction tensor within an empirical
SHELX-like model [48], an overall scale factor, and most im-
portantly the !'B occupation with that of the natural one being
constrained to 1- "'Byec. A convincing agreement (Rg = 6.06)
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TABLE I. Refined structural parameters of TbB4 within space
group P4/mbm. Tb occupies Wyckoff position 4g (x x + 1/2 0),
whereas the B ions are situated on positions 4e (0 0 z), 4g and 8j (x y
1/2) (in the same order as shown in the table). The ''B concentration
was refined to 0.981(1) with the remainder being natural B. Note that
the isotropic temperature factor was constrained to be equal for all B
sites.

Atoms X y z B (A%
Tb 0.3175(2) 0.8175(2) 0 0.19(4)
Bl 0 0 0.2026(4) 0.37(4)
B2 0.0871(2) 0.5871(2) 1/2 0.37(4)
B3 0.1763(2) 0.0386(2) 1/ 0.37(4)

Extinction parameters

x11 = 0.16(2) x22 = 0.19(3) x33 = 0.60(3)

was obtained with a !'B occupation of 0.981(1). By setting
the B occupation to the refined value the original data set was
corrected for absorption and averaged in P4/mbm symmetry
(146 unique reflections). The structure refinement yields a
very good agreement factor of Rp = 4.28 and the resulting
parameters are shown in Table 1. The self-consistency of the
absorption correction was verified by refining the '' B occupa-
tion against the corrected data set which yields 0.968(8) and
only a marginal improvement of R = 4.26.

The magnetic structure between 7n; and Ty, was derived
at T = 34 K by analyzing 1564 Bragg reflections which were
averaged in Pmmm symmetry taking into account the reported
nuclear structure (space group Pbam) and magnetic structure
(broken a and b glide planes) yielding 302 unique reflections.
In the absence of a tabulated magnetic form factor for the
Tb** ion the analytical approximation to the (jo) integrals for
the f electrons of the Tb** ion was used to describe the mag-
netic form factor throughout the data analysis of this work.
By converting the obtained P4/mbm structure to Pbam, fixing
all nuclear structure, extinction, as well as scale parameters to
those obtained at T = 54 K, and by only refining two in-plane
coefficients (multiplication coefficients to the basis vectors
of the irreducible representation) of the magnetic moments
in Pb'a’'m’ symmetry, an agreement factor of Rp = 4.72 is
obtained. The refined components are C; = 4.59(5)up along
the a axis and C, = 4.47(4)up along the b axis, respectively,
yielding a total magnetic moment of 6.41(9)up at 0.7(4)°
from the [110] direction, in full agreement with the reported
magnetic structure [note that constraining the magnetic mo-
ment to lie exactly on the diagonal results in an amplitude of
6.39(6)up with no considerable improvement of the agree-
ment factor]. The resulting magnetic structure is shown in
Fig. 3(a). The ground state magnetic structure was studied
at 11 K, i.e., below Ty;. The same symmetry model was
employed as for the magnetic structure at 7 = 34 K including
the same fit parameters. In a first step, we observe a signif-
icant tilt away from the diagonal with C, = 6.44(7)ug and
C, = 5.68(6)up (Rp = 6.06) which led us to include a 90°
twin in order to take into account those parts of the crystal
in which the moments tilt in the opposite direction as a con-
sequence of the tetragonal-to-orthorhombic phase transition.
By doing so we obtain a clear improvement of the agreement
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FIG. 3. Magnetic structures of TbB,. (a) At 35 K the magnetic
moments are aligned along the diagonal of the a-b plane, while (b) at
11 K they tilt towards the a axis by about 27°.

factor (Rg = 5.33) and an even more pronounced tilt which is
expressed by C; = 8.5(1)up and C; = 2.8(2)up and amounts
to roughly 27°, which compares very well to the reported
value in Ref. [10]. Refining the twin population only yields
a marginal improvement (Rr = 5.22) with a distribution of
0.55(9) : 0.45(9) for which an equally distributed twin pop-
ulation was fixed in the following. Note that introducing a
90° twin in the analysis of the magnetic structure in the Ty»
< T < Ty; regime does not improve the refinement quality
significantly, which is in perfect agreement with a magnetic
structure satisfying fourfold rotation symmetry.

B. Magnetization plateaus

The magnetization plateaus were investigated by following
the peak intensity of selected Bragg reflections as a function
of applied magnetic field. The same reflections as in Ref. [25]
were used, i.e., the purely magnetic (100) reflection as well as
the (200) and (110) reflections with both nuclear and magnetic
contributions. Figure 4 shows the field dependence of the
neutron count accumulated and summed over a few tens of
pulsed-field shots and extracted with constant field-integration
windows at 7 = 2 K. The bare comparison of the raw data
with those in Ref. [25], especially for the (100) reflection
[Fig. 4(a)], indicates an improvement in time resolution and
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FIG. 4. Peak intensities of the (a) (100), (b) (200), and (c) (110)
reflections as a function of increasing (open symbols) and decreasing
(solid symbols) magnetic field applied along the ¢ axis. The number
of accumulated pulses are mentioned in each graph. The orange cir-
cles denote the calculated peak intensities within the distinct phases
which were investigated in detail (see main text) and the broad
orange line is a guide to the eye joining the calculated points.

a better control of the sample temperature. A sharp transition
into the field-polarized state at H &~ 28 T and a clear anomaly
around H = 16 T corresponding to the M /Mg = 2/9 plateau
are observed (note that the apparent hysteretic behavior is
entirely related to the asymmetric sweep rate for increas-
ing and decreasing fields [47] and was not observed in the
macroscopic measurements [15]). A monotonic decrease of
the (100) peak intensity is observable up to 12 T, which can
be explained by a small, but continuously increasing, tilt of
the magnetic moments towards the ¢ axis. Note that a fer-
romagnetic ¢ component respects the Pbam symmetry and
therefore does not contribute to the (100) reflection. Above
12 T the intensity steeply increases until it reaches its max-
imum at H =~ 16 T, a value which fairly coincides with the
first rise in magnetization up to 2/9 of the saturation value.
The only way to describe this increase is to consider a larger b
component of the magnetic moments since the a component is
parallel to Q and therefore does not contribute to the magnetic
scattering. Thus, independently of the details accounting for
the field-induced magnetization, the magnetic moments are
driven back towards the diagonal by a large enough field. A

sharp drop of the (100) peak intensity marks the transition
towards the 1/3 plateau, which is followed by a further region
of monotonically decreasing intensity corresponding to the
1/2-magnetization plateau.

Considering that only the in-plane spin components yield
a nonzero contribution to the magnetic structure factor, the
decrease of intensity by 50% between the peak value at ~16 T
and the center of the plateaulike region at ~23 T is con-
sistent with the factor (7/9)?/(1/2)* expected for a transition
between the 2/9 and !/2 plateaus. Finally, the magnetic (100)
reflection disappears above 30 T when the field-polarized state
is reached. Due to the (200) and (110) reflections having
a sizable nuclear contribution and being only and mostly,
respectively, sensitive to the ferromagnetic ¢ component, the
magnetic transitions are less pronounced in the intensity evo-
lution, especially below 20 T where the antiferromagnetic
in-plane component dominates.

The observed counts of the peak maxima within the differ-
ent phases were extracted from the field dependence (Fig. 4)
at field values 0 T (M/Mg = 0), 15.7 T (M/Ms = 2/9), 17.6 T
M/Mg =1/3), 229 T (M/Mg = 1/2), and 31 T (M/Ms = 1),
and converted to integrated intensities by multiplying by
FWHM /27 //8In(2), where FWHM is the full width at
half maximum of a Gaussian fit to the respective peak profile
at T = 2 K. The counts were furthermore corrected for the
Lorentz factor and for the background by subtracting the (100)
intensity at the highest applied field, where this particular
Bragg reflection is extinct. The calculated integrated intensi-
ties were then converted back to peak amplitudes for direct
comparison in Fig. 4. The temperature dependence of the
observed anomalies between 2 and 50 K are shown in Fig. 5
and are consistent with the magnetic phase diagram derived
from magnetization measurements and reported in Ref. [15]
and Fig. 2.

C. High-field magnetic structures

Here, we propose the XY -Ising spin mixture model which
was employed to describe the half-magnetization plateau and
can be extended to the 2/9- and !/3-magnetization plateaus.
We have used the zero-field magnetic structure derived from
the four-circle diffraction experiment as a starting point for
the analysis of the field data. All refined structural and mag-
netic parameters from Sec. III A were kept fixed and only
the scale and extinction parameters were adapted to the IN22
experiment using the observed intensities at H = 0 T. In the
following, this adapted scale factor was fixed and the moment
size was constrained to the zero-field value (note that the
scale factor was correctly converted when working in mag-
netic supercells, e.g., it was divided by 16 for a 2 x 2 cell).
For the !/2-magnetization state we have used the proposed
mixture of XY- and Ising-type models [25] which we have
further adapted to the M /Mg = 2/9 and M /Mg = /3 states by
using a 9 x 9 cell with 18 polarized spin plaquettes out of
81 and a 3 x 3 cell with 3 polarized spin plaquettes out of
9, respectively. In all plateau phases only the ¢ component
of one spin belonging to a polarized square plaquette was
refined. The remaining spins were constrained to that value
as well as the spins of the nonpolarized plaquettes by defining
a fixed magnetization. As mentioned above, the clear increase
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fields, respectively. Data below 30 K are shifted on the vertical axis for clarity.

of the (100) reflection when entering the first plateau can only
be explained by an increasing b spin component due to the
form of the magnetic structure factor. Because of the limited
data set of three reflections the spins were fixed along the
diagonal for the plateau phases. It is a reasonable assumption
that the nuclear structure may be affected by the applied field
due to magnetostriction effects and the first-order transition
between magnetic structures of different modulations most
probably leads to a redistribution of magnetic domains which
has an influence on the extinction effects. To cover these prob-
ably complex changes, a single parameter—the extinction
coefficient x;; (with the constraint x;; = x> due to the 90°
twins)—was refined giving a maximum number of two pa-
rameters. For the fully polarized state the total spin of 8.94up
was set along the ¢ axis and only the extinction parameter was
refined. The results are shown as orange circles in Fig. 4, re-
vealing a remarkably good agreement with the observed field
dependence taking into account that all nuclear and magnetic
structure changes were addressed by only one parameter each.
Our proposed 9 x 9 and 3 x 3 supercell models for the 2/o-
and 1/3-magnetization plateaus are in good agreement with the
observed data. The refined parameters are shown in Table II
and the five magnetic structure models are illustrated in Fig. 6
focusing on the distribution of (non)polarized spin plaquettes
and different supercells.

It can be seen that the plateau phases are characterized
by diagonal stripes consisting of spins polarized along the
¢ axis by the applied magnetic field. While only regular
arrangements of polarized stripes and nonpolarized spacers
are possible for the 2 x 2 and 3 x 3 supercells [Figs. 6(c)
and 6(d)], several scenarios exist for the 9 x 9 supercell,
in which different spacings between polarized stripes are

conceivable (all being indistinguishable by neutron scatter-
ing from integer Bragg reflections). Alternative models exist
which explain the observed peak intensities in the plateau
phases equally well without having additional information of
further Bragg reflections, as will be discussed in Sec. IV.
What basically distinguishes these models is the type of mod-
ulation of the superstructure which is summarized in Fig. 7.
While superstructures with multiple cells along the a and b
axes were used in the previously proposed analysis, which
yield patterns of diagonal stripes of polarized spin plaque-
ttes (Fig. 6), it is also conceivable that stripes are aligned
along the a axis or equivalently along the b axis due to
the presence of 90° twins. The building block of the stripe
models is also debatable as polarized spin dimers, similar to
TmB, [12] instead of the square plaquettes proposed here,
lead to similar patterns. Another possibility is to stack entire

TABLE II. Parameters of the magnetic structure analysis giving
the best agreement for the different phases in TbB4, which are ex-
pressed by their magnetization ratio M /M. The size of the magnetic
moments is fixed to that obtained from the zero-field experiment in
four-circle geometry. i1, denotes a magnetic moment in a polarized
plaquette, whereas w, refers to a spin plaquette which is predomi-
nantly oriented in plane.

M/Ms w1 |l e (us) Mo |l ¢ (uB) X1 = X2 Rr
0 0 0.15(3) 4.59
2% 8.4(3) 0.13) 0.09(2) 537
1/3 8.2(2) 0.4(2) 0.15(7) 4.72
1/ 8.4(2) 0.5(2) 0.4(1) 6.16
1 8.94 0.54(1) 0.84
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FIG. 6. Magnetic structure models for the different phases in TbB4, where a blue (orange) square represents a 4-spin plaquette with
magnetic moments within (perpendicular to) the a-b plane. Black lines denote the magnetic unit cells. (a) Zero-field magnetic structure
with all magnetic moments lying within the a-b plane. (b) 2/o-magnetization plateau phase with a 9 x 9 supercell, in which polarized spin-
plaquette stripes are alternately separated by three or four nonpolarized stripes (note that this separation cannot be deduced from the data at
hand and that this illustration would correspond to repelling polarized stripes). (¢) !/3-magnetization phase with a 3 x 3 supercell featuring
polarized plaquettes along the diagonal of each magnetic unit cell. (d) !/2-magnetization phase with a 2 x 2 supercell. (e) Fully polarized state
with magnetic moments along the ¢ axis. Note that in (b)—(d) the magnetic moments represented by blue (orange) squares do not lie fully
within (perpendicular to) the a-b plane and that they produce superstructure reflections at Q = (1/o /9 0), Q = (/3 /3 0), and Q = (}/2 /2 0),
respectively, expressed with the conventional 1 x 1 unit cell. (f) Detailed view on two 4-spin plaquettes used as building blocks in the models
(a)—(e). The upper (blue) one consists of magnetic moments predominantly aligned in the a-b plane with a nonzero ferromagnetic ¢ component
for the intermediate structures, while the lower (orange) one is almost fully polarized in (b)-(d) and fully polarized in (e).

planes of polarized and unpolarized spin plaquettes leading to
magnetic unit cells which have the same in-plane periodicity
as the nuclear unit cells but with a multiple of the ¢ axis.
All these models yield exactly the same intensities for the
three Bragg reflections investigated here. However, stacked
ferromagnetic planes (u || ¢) in an up-up-down fashion as
proposed for HoB,4 [19] can definitely be excluded since such
a model would produce zero magnetic intensity for the (100)
reflection at intermediate-field values.

IV. DISCUSSION

Our pulsed-field neutron diffraction experiments with im-
proved time resolution and precise control of the sample
temperature (in comparison to Ref. [25]) offer additional
microscopic insight into the magnetization plateau behav-
ior of the Shastry-Sutherland system TbB4. While we
can confirm the zero-field and half- and full-magnetization

plateau structures, the magnetic structures of the 2/9- and
the !/3-magnetization plateaus are reported which can be
explained—in analogy to the M /Mg = !/2 plateau—by a9 x 9
and a 3 x 3 magnetic supercell, respectively. However, the
scattered neutron intensity as a function of applied field does
not provide a microscopic proof for the appearance of the 4/9
and the 7/9 plateaus, which—according to the macroscopic
magnetization data—should be established at field values of
approximately 19 and 27 T, respectively. This may be related
to the transition dynamics, the phase stability, and the short
duration of the magnetic field pulse.

In the plateau phases the excess magnetization is carried by
the system via stripes of polarized spin plaquettes, where the
stripe density increases with increasing magnetization. This
phenomenon is reminiscent of cuprates, manganites, nicke-
lates, and cobaltates in which hole or electron doping forms
checkerboard or stripe patterns. No conclusion can be drawn
at this point concerning the stripe mobility or interaction
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FIG. 7. Alternative models which explain the observed peak intensities of the plateau phases equally well as the models shown in
Figs. 6(b)-6(d). (a) and (b) are 9 x 1 x 1 and 1 x 1 x 9 supercells, respectively, and yield exactly the same structure factors for the three
reflections which were followed as a function of magnetic field (Fig. 4). (c) and (d) are 3 x 1 x 1 and 1 x 1 x 3 supercells, respectively, and
constitute alternative models for the !/3-magnetization plateau phase. (e) and (f) are possible models for the 1/2-magnetization plateau and
consist of 1 x 2 x 1 and 1 x 1 x 2 supercells, respectively. Note that the in-plane modulation can exist along the b axis as well due to the

presence of 90° twins.

in TbB,4 without further experimental and theoretical effort.
While the stripe order necessarily reveals a rather simple
pattern with regular spacings for the 1/2 and 1/3 plateaus,
the questions of how they are distributed, e.g., in the 2/9
plateau, arises. Depending on the type of interaction between
the polarized stripes it can be energetically more favorable to
separate them as far as possible, which is shown in Fig. 6(b),
but on the other hand, attracting stripes would reveal a pat-
tern of two polarized stripes separated by seven nonpolarized
ones. Note that both possibilities yield the same intensities
for integer reflections (referring to the conventional unit cell)
and therefore can only be distinguished based on their su-
perstructure reflection patterns. We have identified additional,
differently modulated superstructures equally reproducing the
observed peak intensities of integer (hkl) reflections, which
therefore cannot be distinguished based on the data at hand.
While the in-plane modulations only differ concerning the
stripe pattern of polarized plaquettes (along the diagonal ver-
sus along the a or b direction), the out-of-plane modulation
implies an alternate stacking of differently polarized planes
which would reveal a completely distinct coupling scheme
between plaquettes in the basal plane as well as perpendicular
to it. The models shown in Figs. 6(b)-6(d) should produce
purely magnetic superstructure reflections, from which we
have simulated the fundamental Q = (§30) reflections to be
the strongest ones for the respective superstructures with
8 =1/9, 1/3, or 1/2, with the (1/2 1/2 0) reflection being ap-
proximately 60% of the (100) intensity and therefore easily

detectable with the same experimental setup. On the other
hand, models shown in Figs. 7(a), 7(c) and 7(e) would show
purely magnetic scattering of comparable strength at (500) or
equivalently at (050) positions, while Figs. 7(b), 7(d), and 7(f)
yield Q = (008) superstructure reflections. Magnetic super-
structure reflections at (/8 0 0) and (0 1/8 0) positions were
indeed found in the first plateau phase of TmB, [12], but this
system is fundamentally different from TbBy4 due to its strong
Ising character even at zero magnetic field and spin-dimer
properties in the field-induced phases, which, nevertheless,
were also described by stripe patterns. It is therefore crucial
to further explore the magnetic scattering in reciprocal space
to discern the different proposed models and understand the
complex magnetization behavior in TbB,.

ACKNOWLEDGMENTS

The CEA-CRG Grenoble and the ILL are greatly acknowl-
edged for granting the beam time for these experiments. The
authors are very grateful to X. Tonon and E. Lelievre-Berna
for their active support with the cryogenics. The authors
would like to thank H. Nojiri for fruitful discussions and
O. Fabelo for complementary single-crystal x-ray mea-
surements. This work was financially supported by the
French National Research Agency (ANR project MAGFINS:
Grant No. ANR-10-BLAN-0431) and by the program In-
vestissements d’Avenir ANR-11-IDEX-0002-02 (Reference
No. ANR-10-LABX-0037-NEXT).

[1] A. P. Ramirez, Annu. Rev. Mater. Sci. 24, 453 (1994).

[2] R. Moessner and A. P. Ramirez, Phys. Today 59(2), 24 (2006).

[3] B.S. Shastry and B. Sutherland, Physica B+C 108, 1069 (1981).

[4] J. Etourneau and P. Hagenmuller, Philos. Mag. B 52, 589
(1985).

[5]1 W. Schifer, G. Will, and K. H. J. Buschow, J. Chem. Phys. 64,
1994 (1976).

[6] G. Will, W. Schifer, F. Pfeiffer, and F. Elf, J. Less-Common
Met. 82, 349 (1981).

[7]1 J. Fernandez-Rodriguez, J. A. Blanco, P. J. Brown, K.
Katsumata, A. Kikkawa, F. Iga, and S. Michimura, Phys. Rev.
B 72, 052407 (2005).

[8] J. A. Blanco, P.J. Brown, A. Stunault, K. Katsumata, F. Iga, and
S. Michimura, Phys. Rev. B 73, 212411 (2006).

094427-7


https://doi.org/10.1146/annurev.ms.24.080194.002321
https://doi.org/10.1063/1.2186278
https://doi.org/10.1016/0378-4363(81)90838-X
https://doi.org/10.1080/13642818508240625
https://doi.org/10.1063/1.432464
https://doi.org/10.1016/0022-5088(81)90238-1
https://doi.org/10.1103/PhysRevB.72.052407
https://doi.org/10.1103/PhysRevB.73.212411

N. QURESHI et al.

PHYSICAL REVIEW B 106, 094427 (2022)

[9] E. Elf, W. Schifer, and G. Will, Solid State Commun. 40, 579
(1981).

[10] T. Matsumura, D. Okuyama, and Y. Murakami, J. Phys. Soc.
Jpn. 76, 015001 (2007).

[11] D. Okuyama, T. Matsumara, T. Mouri, N. Ishikawa, K.
Ohoyama, H. Hiraka, H. Nakao, K. Iwasa, and Y. Murakami,
J. Phys. Soc. Jpn. 77, 044709 (2008).

[12] K. Siemensmeyer, E. Wulf, H.-J. Mikeska, K. Flachbart,
S. Gabéni, S. Mat’as, P. Priputen, A. Efdokimova, and N.
Shitsevalova, Phys. Rev. Lett. 101, 177201 (2008).

[13] S. Michimura, A. Shigekawa, F. Iga, T. Takabatake, and K.
Ohoyama, J. Phys. Soc. Jpn. 78, 024707 (2009).

[14] S. Yoshii, T. Yamamoto, M. Hagiwara, T. Takeuchi, A.
Shigekawa, S. Michimura, F. Iga, T. Takabatake, and K. Kindo,
J. Magn. Magn. Mater. 310, 1282 (2007).

[15] S. Yoshii, T. Yamamoto, M. Hagiwara, S. Michimura, A.
Shigekawa, F. Iga, T. Takabatake, and K. Kindo, Phys. Rev.
Lett. 101, 087202 (2008).

[16] D. Brunt, G. Balakrishnan, D. A. Mayoh, M. R. Lees, D.
Gorbunov, N. Qureshi, and O. A. Petrenko, Sci. Rep. 8, 232
(2018).

[17] T. Inami, K. Ohwada, Y. H. Matsuda, Z. W. Ouyang, H. Nojiri,
T. Matsumura, D. Okuyama, and Y. Murakami, J. Phys. Soc.
Jpn. 78, 033707 (2009).

[18] S. Mat’as, K. Siemensmeyer, E. Wheeler, E. Wulf, R. Beyer, T.
Hermannsdorfer, O. Ignatchik, M. Uhlarz, K. Flachbart, and S.
Gabdni, J. Phys.: Conf. Ser. 200, 032041 (2010).

[19] D. Brunt, G. Balakrishnan, A. R. Wildes, B. Ouladdiaf, N.
Qureshi, and O. A. Petrenko, Phys. Rev. B 95, 024410 (2017).

[20] M. Moliner, D. C. Cabra, A. Honecker, P. Pujol, and F. Stauffer,
Phys. Rev. B 79, 144401 (2009).

[21] W. C. Huang, L. Huo, G. Tian, H. R. Qian, X. S. Gao, M. H. Qin,
and J.-M. Liu, J. Phys.: Condens. Matter 24, 386003 (2012).

[22] L. Huo, W. C. Huang, Z. B. Yan, X. T. Jia, X. S. Gao, M. H.
Qin, and J.-M. Liu, J. Appl. Phys. 113, 073908 (2013).

[23] A. Grechnev, Phys. Rev. B 87, 144419 (2013).

[24] Y. I. Dublenych, Phys. Rev. E 88, 022111 (2013).

[25] S. Yoshii, K. Ohoyama, K. Kurosawa, H. Nojiri, M. Matsuda, P.
Frings, F. Duc, B. Vignolle, G. L. J. A. Rikken, L.-P. Regnault,
S. Michimura, and F. Iga, Phys. Rev. Lett. 103, 077203 (2009).

[26] Z. Fisk, M. B. Maple, D. C. Johnston, and L. D. Woolf, Solid
State Commun. 39, 1189 (1981).

[27] V. V. Novikov, N. V. Mitroshenkov, A. V. Morozov, A. V.
Matovnikov, and D. V. Avdashchenko, J. Therm. Anal. Calorim.
113, 779 (2013).

[28] Z. Heiba, W. Schifer, E. Jansen, and G. Will, J. Phys. Chem.
Solids 47, 651 (1986).

[29] J. M. Tranquada, B. J. Sternlieb, J. D. Axe, Y. Nakamura, and
S. Uchida, Nature (London) 375, 561 (1995).

[30] P. Abbamonte, A. Rusydi, S. Smadici, G. D. Gu, G. A.
Sawatzky, and D. L. Feng, Nat. Phys. 1, 155 (2005).

[31] T. Wu, H. Mayaffre, S. Krimer, M. Horvati¢, C. Berthier,
W. N. Hardy, R. Liang, D. A. Bonn, and M.-H. Julien, Nature
(London) 477, 191 (2011).

[32] G. Ghiringhelli, M. Le Tacon, M. Minola, S. Blanco-Canosa,
C. Mazzoli, N. B. Brookes, G. M. de Luca, A. Frano, D. G.
Hawthorn, F. He, T. Loew, M. M. Sala, D. C. Peets, M. Salluzzo,
E. Schierle, R. Sutarto, G. A. Sawatzky, E. Weschke, B. Keimer,
and L. Braicovich, Science 337, 821 (2012).

[33] R. Comin, R. Sutarto, E. H. da Silva Neto, L. Chauviere, R.
Liang, W. N. Hardy, D. A. Bonn, F. He, G. A. Sawatzky, and A.
Damascelli, Science 347, 1335 (2015).

[34] C. H. Chen and S.-W. Cheong, Phys. Rev. Lett. 76, 4042 (1996).

[35] C. H. Chen and S.-W. Cheong, J. Appl. Phys. 81, 4326 (1997).

[36] S. Mori, C. H. Chen, and S.-W. Cheong, Nature (London) 392,
473 (1998).

[37] C. H. Chen, S. Mori, and S.-W. Cheong, Phys. Rev. Lett. 83,
4792 (1999).

[38] J. M. Tranquada, J. E. Lorenzo, D. J. Buttrey, and V. Sachan,
Phys. Rev. B 52, 3581 (1995).

[39] V. Sachan, D. J. Buttrey, J. M. Tranquada, J. E. Lorenzo, and G.
Shirane, Phys. Rev. B 51, 12742 (1995).

[40] J. M. Tranquada, D. J. Buttrey, and V. Sachan, Phys. Rev. B 54,
12318 (1996).

[41] P. Wochner, J. M. Tranquada, D. J. Buttrey, and V. Sachan,
Phys. Rev. B 57, 1066 (1998).

[42] T. Lancaster, S. R. Giblin, G. Allodi, S. Bordignon, M.
Mazzani, R. De Renzi, P. G. Freeman, P. J. Baker, F. L. Pratt, P.
Babkevich, S. J. Blundell, A. T. Boothroyd, J. S. Méller, and D.
Prabhakaran, Phys. Rev. B 89, 020405(R) (2014).

[43] R. C. Williams, F. Xiao, T. Lancaster, R. De Renzi, G. Allodi, S.
Bordignon, P. G. Freeman, F. L. Pratt, S. R. Giblin, J. S. Méller,
S.J. Blundell, A. T. Boothroyd, and D. Prabhakaran, Phys. Rev.
B 93, 140406(R) (2016).

[44] P. Babkevich, P. G. Freeman, M. Enderle, D. Prabhakaran, and
A. T. Boothroyd, Nat. Commun. 7, 11632 (2016).

[45] F. Iga, N. Shimizu, and T. Takabatake, J. Magn. Magn. Mater.
177-181, 337 (1998).

[46] N. Qureshi, J. Appl. Crystallogr. 52, 175 (2019).

[47] F. Duc, X. Tonon, J. Billette, B. Rollet, W. Knafo, F. Bourdarot,
J. Béard, F. Mantegazza, B. Longuet, J. E. Lorenzo, E. Lelievre-
Berna, P. Frings, and L.-P. Regnault, Rev. Sci. Instrum. 89,
053905 (2018).

[48] G. M. Sheldrick, Acta Crystallogr., Sect. A 64, 112 (2008).

094427-8


https://doi.org/10.1016/0038-1098(81)90578-0
https://doi.org/10.1143/JPSJ.76.015001
https://doi.org/10.1143/JPSJ.77.044709
https://doi.org/10.1103/PhysRevLett.101.177201
https://doi.org/10.1143/JPSJ.78.024707
https://doi.org/10.1016/j.jmmm.2006.10.440
https://doi.org/10.1103/PhysRevLett.101.087202
https://doi.org/10.1038/s41598-017-18301-1
https://doi.org/10.1143/JPSJ.78.033707
https://doi.org/10.1088/1742-6596/200/3/032041
https://doi.org/10.1103/PhysRevB.95.024410
https://doi.org/10.1103/PhysRevB.79.144401
https://doi.org/10.1088/0953-8984/24/38/386003
https://doi.org/10.1063/1.4792504
https://doi.org/10.1103/PhysRevB.87.144419
https://doi.org/10.1103/PhysRevE.88.022111
https://doi.org/10.1103/PhysRevLett.103.077203
https://doi.org/10.1016/0038-1098(81)91111-X
https://doi.org/10.1007/s10973-012-2814-4
https://doi.org/10.1016/0022-3697(86)90078-8
https://doi.org/10.1038/375561a0
https://doi.org/10.1038/nphys178
https://doi.org/10.1038/nature10345
https://doi.org/10.1126/science.1223532
https://doi.org/10.1126/science.1258399
https://doi.org/10.1103/PhysRevLett.76.4042
https://doi.org/10.1063/1.364758
https://doi.org/10.1038/33105
https://doi.org/10.1103/PhysRevLett.83.4792
https://doi.org/10.1103/PhysRevB.52.3581
https://doi.org/10.1103/PhysRevB.51.12742
https://doi.org/10.1103/PhysRevB.54.12318
https://doi.org/10.1103/PhysRevB.57.1066
https://doi.org/10.1103/PhysRevB.89.020405
https://doi.org/10.1103/PhysRevB.93.140406
https://doi.org/10.1038/ncomms11632
https://doi.org/10.1016/S0304-8853(97)00493-9
https://doi.org/10.1107/S1600576718016084
https://doi.org/10.1063/1.5028487
https://doi.org/10.1107/S0108767307043930

