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The neodymium tetraboride NdB4, crystalizing into a tetragonal crystal structure, has the magnetic ions
located on a Shastry-Sutherland lattice. The compound undergoes several magnetic phase transitions and exhibits
a complex multi-k ground state that has so far been elusive. Here we report the solution and quantitative
refinement of the magnetic ground state of NdB, based on neutron diffraction data. The magnetic structure
consists of two separate components; one of them is confined within the ab plane and makes an orthogonal
all-in-all-out spin configuration maintaining translation symmetry of the crystal. Another is pointing along the
¢ axis, and this component forms an anharmonic spin density wave consisting of three-up-two-down sequences
with fivefold periodicity. The in-plane and out of plane spin structures represent distinct magnetic instabilities
which normally would not coexist. Their simultaneous presence in the same phase is an interesting phenomenon

associated with anisotropic exchange interactions and coupling to a symmetry breaking nonmagnetic order

parameter undetectable by the available diffraction data.

DOI: 10.1103/PhysRevB.109.L.220411

The Shastry-Sutherland model (SSM), introduced as a
theoretical concept of a frustrated antiferromagnet with an
exactly solvable ground state [1], has been at the forefront of
contemporary magnetism for several decades. SrCu,(BO;);
(SCBO), the only well established realisation of the quantum
SSM, provided a plethora of the unconventional phenom-
ena, including fractional magnetization [2] and discontinuous
quantum phase transitions [3,4]. A quantum magnetic analog
to the critical point of water has been suggested to exist on
the phase diagram of SCBO [5]. The latest discovery is a
suggestion for the existence of the long-sought deconfined
quantum critical point [6].

It has long been recognized that competing magnetic inter-
actions might give rise to a broad range of exotic ground states
not only in quantum but also in classical spin systems. The
best-known example being spin ice materials in which strong
local magnetic anisotropy combined with the frustrated tri-
angular topology results in highly degenerate two-in-two-out
ground states with associated magnetic monopole physics [7].
The search for experimental realizations of the SSM for clas-
sical spins has not yet returned many candidates [8], as the
required exchange topology is not trivial—a square planar
lattice, where only half of square plaquettes have a single
next nearest neighbor interaction J, [1]. The key parameter for
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the SSM is the J;/J>, ratio between nearest and next nearest
neighbor interactions.

The rare-earth (R) tetraborides family members RB4 could
be considered the closest approximation to the SSM. The RB4
compounds possess complex noncollinear magnetic structures
and exhibit successive magnetic phase transitions and plateaus
at fractional values of the saturation magnetization [9—-13].
In particular, orthogonal patterns of the in-plane magnetic
component (imy,) were found in the ground state of the R =
Nd, Gd, Tb, Dy, and Ho compounds [14-18]. These patterns
are characterized by a k; = 0 propagation vector, and in the
case of Nd, Dy, and Ho, the in-plane configurations coexist
with ordered out-of-plane components ().

The magnetic ground states of ErB4 and TmB,4 were re-
ported to be collinear with moments polarized along the ¢
axis [19,20]. A particular interest was generated by DyB,
exhibiting a low-temperature monoclinic structural distortion
attributed to quadrupolar order [21-23]. The transition takes
place below the long-range magnetic ordering of the z com-
ponent of Dy moments, and triggers the onset of in-plane
magnetic order where the m,, components of the Dy moments
are ordered along the orthogonal [110] and [110] directions.
The presence of quadrupolar order has also been suggested
for Ho and Nd compounds [14], but no associated structural
distortions were detected. The latter compound exhibits three
distinct magnetic phases with apparently the most complex
ground state magnetic structure of the whole series. The
structure was reported to involve k; = 0 in-plane (m}}) and
out-of-plane (m’z‘l) ordered Fourier components, each with
distinct symmetries, coexisting with multi-k incommensurate
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order [14,15]. In spite of the several extensive studies of the
magnetic order in NdBy4, no quantitative magnetic structure
refinement has been achieved so far. A quantitative determina-
tion of the ground state is however a key ingredient to obtain
a comprehensive understanding of the competing exchange
interactions in this material as well as in the whole series of
rare earth tetraborides.

Here we report the full magnetic structure solution for the
ground state of NdB,4 using single crystal and powder neutron
diffraction. An extension of the two-dimensional (2D) SSM
into the third direction and inclusion of an additional in-plane
interaction is required to properly model NdBy4. The resulting
structure consists of an orthogonal all-in-all-out ordering of
the m,, component of the Nd moments and an anharmonic
spin density wave in m;, locked to a commensurate value
of the propagation vector and resulting in three-up-two-down
sequences. This exotic ground state reveals the presence of
a nonmagnetic order parameter, not directly detectable in
the present diffraction experiment. This nonmagnetic order
parameter mediates a coupling between the in-plane and
out-of-plane magnetic components by creating a staggered
internal field.

NdB4 crystals, using isotopically enriched boron
(99% ''B), were grown and characterized as described
in a recent publication [24]. To ensure the highest purity
possible, single crystal samples were ground to a fine
powder and used for polycrystalline measurements. Single
crystal polarized neutron diffraction experiments, with the
polarization normal to the scattering plane, were carried
out using the D7 instrument at the Institut Laue-Langevin,
Grenoble, France [25]. The sample (2.4 g) was fixed to an
aluminium strip defining the horizontal (h0!) scattering plane.
A wavelength of 4.8 A was used and scans were made by
rotating the sample in 1° increments around the vertical axis
at temperatures of 30, 12, and 1.5 K.

Powder neutron diffraction data were collected at the ISIS
Neutron and Muon Facility of the Rutherford Appleton Lab-
oratory (UK), on the WISH diffractometer [26]. The sample
(~1 g) was loaded into a cylindrical 3 mm diameter vanadium
can and measured in the temperature range of 1.5-25 K using
an Oxford Instrument Cryostat. Rietveld refinements of the
crystal and magnetic structures were performed using the
FullProf program [27] against the data measured in detector
banks at average 26 values of 58°, 90°, 122°, and 154°, each
covering 32° of the scattering plane.

The paramagnetic powder neutron diffraction data col-
lected at T =25 K could be refined using the tetragonal
P4/mbm model with Nd at the 4g Wyckoff position. The
data also revealed a cubic NdBg impurity phase, which was
included into the refinement procedure and did not compro-
mise the obtained structural information (see Fig. S1 of the
Supplemental Material [28]). No changes in the crystal struc-
ture were detected down to the lowest measured temperature
of 1.5 K. The lower temperature diffraction patterns also
contained sets of magnetic reflections, which could be iso-
lated by subtracting the paramagnetic data (see Fig. S2 of the
Supplemental Material [28]). By inspecting the temperature
behavior of the magnetic reflections, one could identify three
distinct magnetic phases. The high-temperature phase is stable
in the range of T\, = 6.8 Kto 7Ty; = 17 K, intermediate phase
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FIG. 1. (a) Spin-flip single crystal neutron diffraction intensity
maps of (h0l) plane measured on the D7 instrument. (b) Rietveld
refinement of the powder neutron diffraction data collected on the
WISH instrument. The pattern contains only magnetic intensities
obtained by subtraction between the low-temperature (1.5 K) and
the high-temperature (25 K) data. (c) Temperature dependence of
the in-plane Fourier component, nzj. The red line is a power law
fit with the critical exponent 1/2. (d) Temperature dependence of the
out-of-plane Fourier component, m" !, The red line is a power law fit
with the critical exponent one.

between Tn; = 4.9 K and Tnp = 6.8 K, and the ground state
phase sets in below Ty3 = 4.9 K, in good agreement with the
bulk properties measurements on the same samples [29,30] as
well as previous reports from different groups [14,15].

We used the single crystal polarized neutron scattering data
[Fig. 1(a)] to index the powder diffraction patterns, which
were then implemented into quantitative refinement of the
magnetic structure. The single crystal measurements were
restricted to a single reciprocal plane which was not suffi-
cient for the quantitative analysis. Concurring with the single
crystal polarized neutron scattering data, the powder diffrac-
tion pattern collected at 1.5 K could be indexed using three
magnetic propagation vectors k; =0, k, = (1/5,0, =2/5),
and k; = 2k, =(2/5,0,—4/5). The refinement of the Fourier
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components based on our high-resolution data confirmed their
commensurate nature and the relation between k, and kj.
Note the previous single crystal studies [14,15] reported only
k; and k; in the ground state, presumably due to the limited
portion of accessible reciprocal space. The commensurate
nature of the modulation and the presence of the second
harmonic are the key experimental observations needed to
appreciate the magnetic structure solution.

A generally accepted proposition is that even magnetic har-
monics in modulated structures are forbidden by time reversal
symmetry unless an external magnetic field is applied. The
field-induced components are translationally invariant and can
give rise to new even power free-energy terms that respect
time reversal symmetry. Such field-induced even harmonics
typically cause the modulation to lock into a commensurate
propagation vector to form constant moment structures with
an unequal number of spins along the field (up, U) and oppo-
site to it (down, D). These structures generate a significant net
magnetization along the field due to the imbalance between
U and D spins, hence optimizing the Zeeman coupling term.
A cascade of uncompensated, commensurate up and down
field-induced magnetic structures has been recently reported
by Amorese et al. [31] in CeRh3Si,. Another example is the
two-up-one-down spin configuration stabilized by magnetic
field in many triangular frustrated systems [32]. In diffrac-
tion, the characteristic signature of these constant moment
structures is the presence of higher-order even harmonics.
Our approach to solve the ground state magnetic structure
of NdB4 was based on this logic, where the translationally
invariant k; = 0 Fourier component played the role of an
internal field, defining the nominal up and down directions
that alternate in the crystal. The obtained magnetic structure
involves ordering of the in-plane m,, projections of the Nd
magnetic moments, polarized either along the [110] or [110]
directions and forming an orthogonal all-in-all-out configu-
ration with k; = 0 propagation vector [Fig. 2(a)]. In addition,
the out-of-plane m, projection of the moments are ordered in a
three-up-two-down structure with fivefold periodicity along a
and c¢. This commensurate spin density wave consists of three
Fourier components with k; =0 (m’z‘l), k, = (1/5,0, =2/5)
(m’zfz), and ks = 2k, =(2/5,0,—4/5) (m’f). The m’zfl compo-
nent represents ferromagnetic be planes antiferromagnetically
coupled along the a axis [Fig. 2(b)], implying the staggered
character of the internal field. The net magnetization gener-
ated by the three-up-two-down structure also alternates in the
same manner. Considering three-up-two-down spin configu-
rations, two distinct sequences of the up and down spins can
be distinguished: UUUDD and UUDUD. In NdB4, a model in
which UUUDD and UUDUD sequences propagated along the a
and c axes, respectively [Fig. 2(c)], provided an excellent fit
to the neutron diffraction data [Fig. 1(b)]. Please note that the
up and down stand for the directions along and opposite to
the internal field. Since the field is staggered, the nominally
up direction alternates upon propagation along the a axis. The
refinement yields the amplitudes of the m’;yl, mk!, mk?, and m*
Fourier components to be 1.603(4), 0.925(3), 1.719(7), and
0.656(3) ug, respectively, at 1.5 K (see also Table S1 of the
Supplemental Material [28] for the full Fourier decomposition
of the structure as well as the mcif file for its magnetic space
group description). The mfgyl component directly represents the
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FIG. 2. (a) In-plane (all-in-all-out) Fourier component, m’;yl
(b) Out-of-plane Fourier component, m’z"', defining the alternating
nominally up direction of the internal staggered field, Hiy. (¢) An an-
harmonic spin density wave consisting of three Fourier components,
m’z“, m’z‘z, and m*3. The figure was created using Mag2Pol [33].

Z

size of the in-plane projection of the Nd-moment, whereas
the values of the out-of-plane projections are 1.98(1) up for
the nominally up and 0.67(1) up for the nominally down
directions.

We now discuss a possible mechanism stabilizing this ex-
otic ground state. To do so we propose two main ingredients:
(i) a topology of highly anisotropic exchange interactions
and (ii) the presence of a nonmagnetic symmetry breaking
order parameter (§¥') which mediates a coupling between
the in-plane and the out-of-plane spin configurations. The
anisotropic exchange interactions are naturally expected in
the case of easy plane magnetic anisotropy with the planes
perpendicular to the local twofold axes of the Nd sites with
m.2m site symmetry. The easy planes intersect with the ab
plane along the [110] and [110] directions, and alternate be-
tween nearest-neighbor sites forming an orthogonal motif as
shown in Fig. 3(a). The experimentally determined magnetic
structure with the Nd moments confined within these orthogo-
nal planes strongly indicates this type of magnetic anisotropy.
The relevant exchange interactions are defined in Fig. 3(b).

Apart from the J; and J, exchange parameters typical for
2D SSM, our minimal model also includes a finite in-plane J3
interaction which couples diagonal Nd sites in the square pla-
quettes. The orthogonality of the nearest-neighbor easy planes
implies a uniaxial exchange anisotropy for the J; coupling
such that J; = J{ = 0, J; # 0. Considering first the in-plane

1220411-3



D. D. KHALYAVIN et al.

PHYSICAL REVIEW B 109, 220411 (2024)

(@)

=
()T (aT%
N

(c) . /5 . /5/
O\ K O\ % °\

Sy

‘\o/p\o/p pﬁ\o
o\-'/"o\g{o\ U U g

b b

//o\o)J\o))

c.—( O

FIG. 3. (a) Easy planes of the four Nd sites in the 4g Wyckoff
position. (b) Definition of the planar exchange parameters. (c) and
(d) Two degenerate configurations of in-plane moments forming
the uncorrelated honeycomblike sublattices. The figure was created
using Mag2Pol [33].

components of the magnetic moments, we decompose the
lattice into two orthogonal noninteracting honeycomb-type
sublattices [see Figs. 3(c) and 3(d)]. The in-plane moments
can be well correlated within the sublattices, but the lack of
an exchange interaction between them prevents long range
magnetic order (see Sec. 3 of the Supplemental Material [28]
for more details and Refs. [34-36] therein). For the out-
of-plane moment components, J{ is finite and can compete
with J, as observed in many Shastry-Sutherland systems. Our
mean field calculations indicate that depending on the relative
strength of the J7, J,, and J5 exchange interactions five dis-
tinct phases can be stabilized, including an incommensurate
order with a propagation vector along the (k,, k) line of
symmetry. We restrict our calculations to the 2D case, but
the model can be extended to three dimensions by including
competing interactions along the c axis, which stabilize the
finite value of k,. In a tetragonal crystal, the above in-plane
and out-of-plane instabilities separated on account of the
anisotropic exchange interactions do not interact, and their
coexistence is not possible in the ground state. The system
will choose either the in-plane configuration with the un-
correlated honeycomb sublattices or an ordered state of m,
moments, depending on which yields the lower energy. The
presence of structural distortions, however, might change the
situation. We did not detect any structural distortions within
the resolution limit of our diffraction data measured down
to 1.5 K. However, the presence of a “hidden” symmetry
breaking order parameter is implied by the temperature de-
pendence of the mxy and m ! magnetic Fourier components,
which have been evaluated by fitting variable temperature
powder neutron diffraction data. Both components onset in
the high temperature phase at 7y; = 17 K and persist through
all phases down to 1.5 K (see Fig. S2 of the Supplemen-
tal Material [28]). The key observation is their substantially
different temperature dependences [Figs. 1(c) and 1(d)]. The

critical exponent of the all-in-all-out m’;i component is close
to the mean-field value 1/2, while the temperature dependence
of the ¢ component m’z<1 with ferromagnetic coupling along
the b and c axes and antiferromagnetic along the a axis is
approximately linear (critical exponent ~1). A similar result
was obtained by Metoki et al. [15], who also pointed out
that these magnetic modes are transformed by different irre-
ducible representations (irreps) of the paramagnetic P4/mbm
space group, excluding bilinear coupling between them. Using
the Miller and Love notations for irreps of the crystallo-
graphic space groups, as implemented in ISOT ROPY [37]
and ISODISTORT [38], one can find that m ! transforms by

the one-dimensional mGM3- irrep, while mf‘ transforms by
the 2D mGMS5- irrep with order parameter direction (m, 0) in
the representation space. Beyond first-order bilinear coupling,
analysis of the matrix operators of the mGM3- and mGMS5-
irreps reveals that there are no higher-order coupling terms
between these order parameters. A minimal phenomenolog-
ical model that can explain the observed critical behavior
requires the presence of a nonmagnetic symmetry-breaking
order parameter (8¥') that triggers the onset of long-range
magnetic order through a trilinear coupling term with the

magnetic order parameters (Sklmklmlz‘l). In this scenario, the

mf ! component is the secondary order parameter induced by

a common action of the in-plane m ! and the nonmagnetic 6!
order parameters, working together as an internal staggered
field along the ¢ axis (Hiy); the product B’dm)’iy1 = H;, has
mGMS5-(m,0) symmetry and induces a secondary component
of the same symmetry. In this case, the critical exponent of

’Z" is sum of the critical exponents of the magnetic mxv and
the nonmagnetic 6! distortions.

The above phenomenology of the high temperature k; = 0
magnetic structure describes the situation when the out-of-
plane order parameter is secondary to the primary in-plane
and nonmagnetic parameters. In other words, the secondary
component is induced by Hj, and it does not necessarily
serve to minimize the exchange interactions. The situation,
however, is different in the experimentally determined ground
state, which consists of coupled in-plane and out-of-plane spin
configurations that together optimize the anisotropic exchange
interactions. The trilinear coupling term (Sklm"ylmk1 is finite
only in the case of long-range magnetic order, and it crucially
depends upon the symmetry of the coupled spin configura-
tions, mf; and m . Thus, this term breaks the degeneracy
between the uncorrelated honeycomb configurations, Choos—
ing the in-plane ordered state w1th the correct symmetry (m* )

to optimize the coupling to mZ . The out-of-plane three-up-
two-down configuration emerges as a compromise between
optimization of the exchange interactions for the out-of-plane
moments that give rise to finite k, and k,, and the symme-
try requirement of the coupling. The latter implies that this
configuration must contain the mGMS5-(m,0) component. As
discussed above, the Fourier decomposition of the anharmonic
three-up-two-down spin density wave does indeed contain
the m!! component with mGM5-(m,0) symmetry. Moreover,
this component increases in the ground state, indicating a
further optimization of the Sklm mk1 term. The coupling
invariant can also be written in terms of the three-up-two-
down magnetic order parameter that is transformed by the
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eight-dimensional B2(0,0,0,0,0,0,n4, n}) irrep associated with
the ko, = (1/5,0, —2/5) propagation vector, 8k1m';$(n2 —
n3°). The general form of this free-energy invariant and the
matrix operators used to construct it are provided in Sec. 4 of
the Supplemental Material [28] (see also Ref. [39] therein).
This free-energy term reveals explicitly the coupled nature
of the in-plane mGM3- and the out-of-plane B2 magnetic
configurations representing distinct magnetic instabilities in
the crystal.

It is interesting that increasing temperature above Tnz =
4.9K results in a phase transition where the m, spin density
wave unlocks from the commensurate fivefold periodicity
and becomes incommensurate with k;, = (0.142, 0.142,0.4)
while still coexisting with the m*! and m!' Fourier com-
ponents. Details of this magnetic structure can be found
in the Supplemental Material [28] (Table S2). Apparently,
this incommensurate propagation vector minimizes the ex-
change energy of the out-of-plane moments when they are
not compromised by the lock-in condition. This is in full
agreement with our mean field calculations, where the in-
commensurate m, order is stable in a wide parametric range
(see phase diagram in Fig. S5 of the Supplemental Mate-
rial [28]). The stability of this magnetic structure is also
caused by the Hi,mt' term which is better optimized in
this phase than in the high temperature one, containing only
the k; = 0 components. This is evidenced by the tempera-
ture dependence of m’zfl [Fig. 1(d)], which increases in this
phase. In other words, one can say that the incommensurate
phase has a higher susceptibility to the internal staggered
field than the higher temperature k; = O structure. The inter-
mediate phase is stable only in a narrow temperature range
of Tns3 =4.9 K to Ty = 6.8 K in which it optimizes the
trilinear coupling term more efficiently than the high tem-
perature phase, but less efficiently than the lock-in ground
state.

The above, symmetry-based interpretation of the mag-
netic structures observed in NdB4 requires the presence of
a nonmagnetic order parameter, 6¥!. This order parame-
ter couples distinct magnetic instabilities separated by the
anisotropic exchange interactions. We did not observe any sig-
nature of the respective symmetry lowering, but the unit cell

parameters measured as a function of temperature exhibit a
clear anomaly around Ty; = 17 K, indirectly confirming the
onset of structural distortions at this temperature (see Fig. S1
of the Supplemental Material [28]). By analogy with DyB,
and other systems, Yamauchi et al. [14] suggested an elec-
tric quadrupole order in NdB,4. Based on the requirement
to form the trilinear free energy invariant with the mGM3-
and mGMS5- order parameters, one can deduce the symmetry
of the nonmagnetic distortion, which is GM5+(0,6). This
distortion reduces the crystal structure symmetry down to
monoclinic P2; /n. The xy and yz quadrupoles are transformed
by the A, and B, site symmetry representations, respectively,
with nonzero subduction frequencies in the space group ir-
rep GM5+. This implies that the quadrupole order satisfies
the constraints imposed by the trilinear coupling scheme dis-
cussed above and is a likely candidate for the “hidden” order
parameter. The monoclinic strains of the magnitude similar
to DyB, [23] would, however, be reliably detected in our
high-resolution backscattering data. Therefore, more precise
structural studies are required to directly measure the lattice
distortions and unambiguously establish the nature of this
order parameter.

In conclusion, the magnetic ground state of NdB, repre-
sents a unique interplay between strongly anisotropic spins in
a frustrated exchange topology and nonmagnetic order param-
eter. It involves coexisting instabilities coupled via an internal
field created by the nonmagnetic distortion, undetectable in
the present diffraction data. One instability is the orthogonal
all-in-all-out ordering of the in-plane components of the Nd
moments. Another instability is a spin density wave of the out-
of-plane moments, locked to fivefold periodicity of the lattice
to form three-up-two-down sequences in respect of the inter-
nal field. These magnetic configurations optimize anisotropic
exchange interactions in the system and the coupling term to
the nonmagnetic order parameter.
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