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Magnetostriction-driven ground-state stabilization in 2H perovskites
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The magnetic ground state of Sr; ARuOg, with A = (Li,Na), is studied using neutron diffraction, resonant x-ray
scattering, and laboratory characterization measurements of high-quality crystals. Combining these results allows
us to observe the onset of long-range magnetic order and distinguish the symmetrically allowed magnetic models,
identifying in-plane antiferromagnetic moments and a small ferromagnetic component along the ¢ axis. While
the existence of magnetic domains masks the particular in-plane direction of the moments, it has been possible
to elucidate the ground state using symmetry considerations. We find that due to the lack of local anisotropy,
antisymmetric exchange interactions control the magnetic order, first through structural distortions that couple
to in-plane antiferromagnetic moments and second through a high-order magnetoelastic coupling that lifts the
degeneracy of the in-plane moments. The symmetry considerations used to rationalize the magnetic ground state
are very general and will apply to many systems in this family, such as CazARuOg, with A = (Li,Na), and
Ca;Li0sOg whose magnetic ground states are still not completely understood.
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I. INTRODUCTION

The variant of the hexagonal (2H) perovskite structure of
general formula A3,,+3mA;1 Bi3yytn Oomyen has recently been
the subject of extensive investigations. The structure, whose
prototype is Sr4PtO¢ (n =1, m = 0), consists of infinite
chains of trigonal prisms and slightly distorted octahedra.
In this peculiar arrangement, magnetic ions sit within the
octahedra, the trigonal prism or at both sites, offering a fertile
ground for the investigation of a range of phenomena. For
instance, diluting the trigonal prisms along the ¢ axis with
varying the m/n ratio leads to valence disproportionations [1],
whereas the arrangement in chains can be readily connected
with dimensionality effects [2]. In this paper we will focus
on systems with m =0 and n = 1, adopting the trigonal
R3c structure illustrated in Fig. 1. The most well-known
representative in this class is CazCo,Og where neighboring
octahedral and trigonal prismatic sites are occupied by Co’"
in low (S =0) and high (S =2) spin states, respectively.
The Co*" in the trigonal prismatic coordination has a strong
spin-orbit interaction and the coupling with the triangular
lattice leads to the realization of a frustrated Ising state with
only partial magnetic order [3,4]. In this instance, many exotic
phenomena have been reported [5] and a complete theoretical
understanding of the magnetic properties is still missing. The
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presence of a second magnetically active ion can break the
inversion symmetry, as in Ca;CoMnQOg, providing the perfect
example of multiferroicity due to symmetric exchange [6].

Recently, the investigation of this family of compounds
has been extended to ions belonging to the 5d family, mostly
to understand the changes induced by the presence of an
even larger spin-orbit coupling; one of the most interesting
systems reported is Sr3NilrOg [7]. This compound, where
Ni and Ir are magnetically active, presents many similarities
with Ca3Co,0g, with the spin-orbit anisotropy and the tri-
angular arrangement in antiferromagnetically coupled chains,
possibly at the origin of a loss of long-range ordering with
decreasing temperature [8]. The most striking feature observed
in Sr3NilrOg is the largest coercive field anisotropy (55 T)
measured to date [9]. This peculiarity has been ascribed to the
possibility of direct overlapping of the Ir 5d orbitals with the
O 2p and Ni 3d orbitals.

Hence, in addition to the spin-orbit coupling, the spatial
dimension of the magnetically active electronic cloud is
crucial in establishing the magnetic behavior of the system.
In 4d- and 5d-based oxides, the border between the localized
and delocalized regime is closer than in the equivalent 3d-
based system and such a feature has been indicated as a
possible route to achieve high Néel temperatures, which may
open entirely new scenarios in the realization of functional
materials [10]. In this respect, a significant enhancement of
the ordering temperatures has been observed between 3d
systems such as CazZnMnOg (Ty = 26 K) [11] and 5d and 4d
variants of A3A’BQOg, with A = Ca,Sr; A’ =Li,Na, and B =
Os,Ru (Ty = 70-120 K) [12,13]. These contrasting ordering
temperatures have been attributed to extended superexchange
interactions that form between neighboring chains across mul-
tiple oxygen ions, removing frustration and helping to realize a
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FIG. 1. Crystal structure of Sr; ARuOs where gray spheres are
Ru, green are Li or Na, blue are Sr, and red spheres are O. Bonds
and polyhedra are displayed to clarify the chains of face sharing
octahedra.

three-dimensional (3D) magnetic order [14,15]. It is therefore
important to understand the microscopic mechanisms leading
to the magnetic ordering in these compounds.

Here, we focus our attention on two members of this
vast family of compounds, Sr3;LiRuOg and Sr3;NaRuOg; both
systems were previously reported together with their Ca-
based counterpart [12]. Preliminary powder neutron diffrac-
tion measurements and laboratory measurements performed
on CazARuO¢ (A = Li, Na) provided clear indications of
long-range antiferromagnetic ordering in these materials,
characterized by a propagation vector k= (0,0,0) and the
appearance of several glide plane forbidden reflections with
| = odd. Although neutron measurements were not performed
on the Sr-based systems, Darriet [12] assumed an analogous
magnetic ground state on the basis of the similar behavior
of the magnetization in the Ca- and Sr-based systems. Due
to the weakness of the observed reflections, Darriet could
not fully establish the magnetic ground state, but concluded
that the antiferromagnetic moment needed to have an in-plane
component, and that a weak ferromagnetic moment existed in
Ca3zLiRuOg¢. More recently, Shi [13] and Calder [15] obtained
similar results on the isostructural CazLiOsOg, which shows
a similarly high Néel temperature. Although they managed to
establish that the moment in this case is in the ab plane, they
also could not solve completely the magnetic structure.

In this paper, after briefly describing the symmetric part of
the magnetic exchange interaction at work in these systems,
we provide a comprehensive study of the magnetic structure
of Sr3ARuQOg¢ with A = (Li,Na) based on neutron and x-ray
magnetic scattering as well as on laboratory characterization.
We confirm that the earlier findings apply also to the Sr-based
systems, which are also gdopting a ground state characterized
by a propagation vector k = (0,0,0). We show that, in the limit
that local anisotropy in this system is negligible, symmetric
exchange alone is not able to choose the ground state. Using
a symmetry-based analysis of the free-energy contributions,
we identify the microscopic stabilization mechanism of the
magnetic structure to be due to antisymmetric exchange,
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allowing for small ferromagnetic components both in-plane
and along the ¢ axis. This symmetry argument, together with
the magnetization measurements, allows us to fully determine
the magnetic moment direction, and it holds for all the systems
mentioned in the previous paragraph.

II. CRYSTAL STRUCTURE AND SYMMETRY ANALYSIS

High-quality crystals of Sr3LiRuOg and Sr;NaRuOg were
synthesized by solid-state reaction methods, as described in
Ref. [16]. As grown, the Sr;LiRuOg samples were typi-
cally small rods with dimensions < 50 x 50 x 300 um?® and
< 0.5 mg in mass, the Sr;NaRuOg samples were smaller at
<50 x 50 x 100 um? and less than 0.2 mg. The crystal-
lographic structure was checked using single-crystal x-ray
diffraction on a molybdenum source supernova diffractometer
(Oxford Diffraction). The refined structural parameters are
given in Table I and are in good agreement with previous
refinements of this structure [12,16,17]. As usual for this
family of compounds, the crystals were all twinned by reticular
merohedry, exhibiting reflections in both the obverse and
reverse settings [18]. The crystallographic parameters of
both systems are similar; they have essentially equivalent
dimensions within the plane, although the Na system is
expanded along the ¢ axis by & 4%. In both systems, a small
distortion of the Ru-O octahedra is evident, with O-Ru-O bond
angles deviating slightly from 90°. The Ru-O bond lengths
are also very similar in both systems although there was
no indication in either system of the oxygen bonds varying,
implying little anisotropy in the Ru octahedra. The intrachain
and interchain Ru-Ru distances, illustrated in Fig. 2, also only
change in line with the small variation in lattice parameters.

We estimated the exchange couplings in Sr;LiRuOg using
the spin-dependent extended Hiickel tight-binding (EHTB)
method provided by the program CAESAR2 [19]. The results,
illustrated in Fig. 3, reveal the relative strengths of the three
nearest-neighbor interactions and are found to be directly
correlated with the length of the Ru-Ru distances, as shown
in Fig. 2. The calculation of J; gives the strongest interaction,
while J, and J; have much weaker interactions at 0.46
Ji and 0.22 J;, respectively. All three interactions were
antiferromagnetic. J; and J, interactions span a 3D network
and act cooperatively, and hence alone account for long-range
ordering in the system. The large value of J, compared to
J3 implies that the system is only weakly frustrated with Js,
allowing a large Néel temperature.

To determine the set of possible magnetic subgroups in
this structure, representation analysis was performed using the
ISODISTORT software [20]. At the I" point, the space group R3¢
has three magnetic irreducible representations (IRs), named
mI[, mI'S, and mI'{, following the numbering scheme
of Miller and Love [21]. Analysis of the magnetic modes
associated with these IRs leads to the magnetic structures
illustrated in Fig. 4. The totally symmetric mI';" IR allows
magnetic moments that keep the glide plane symmetry of the
space group, where antiferromagnetic moments of Ru ions
point along the ¢ axis. In mI";" the glide plane is odd with
respect to time reversal and moments are ferromagnetic along
the ¢ axis, the structure is now described by the magnetic space
group R3c’. The mI‘; IR is activated by moments within the
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TABLE I. Refined structure parameters of Sr;LiRuOg and Sr;NaRuOg using a supernova diffractometer with Mo source (A = 0.71 A).
The structures were refined in the trigonal space group R3c (167) with positions Sr 18¢ : (x L Ly Li/Na6a : (0,0, %), Ru 66 : (0,0,0), and

3012

036f : (x,y,z). The obverse/reverse twin was defined with matrix (100 010 001). Selected Ru bond lengths are given in A, in particular, the
Ru-Ru distances that associate to magnetic exchange paths J;, J, and Js.

Sr;LiRuOg Srz;NaRuOg
300K 80 K 300 K 100 K
a(A) 9.633(1) 9.6202(7) 9.6261(4) 9.6086(5)
c(A) 11.0971(9) 11.0813(7) 11.5295(5) 11.5054(5)
Sr X 0.02534(3) 0.02559(4) 0.02482(2) 0.02492(3)
Uiso 0.00665(8) 0.00256(9) 0.00628(4) 0.00267(3)
A Usso 0.020(3) 0.011(3) 0.0090(3) 0.0041(2)
Ru Uiso 0.00456(7) 0.00200(8) 0.00384(3) 0.00179(3)
o X 0.1742(2) 0.1743(2) 0.1775(1) 0.1776(1)
y 0.1528(2) 0.1524(2) 0.1547(1) 0.1549(1)
z 0.1046(2) 0.1050(2) 0.0992(1) 0.0994(1)
Uiso 0.0083(4) 0.0044(4) 0.0072(2) 0.0043(2)
Twin vol. 0.994(5) 1.000(5) 0.75(2) 0.77(2)
Ru-O 1.965(2) 1.964(2) 1.975(1) 1.974(1)
Ru-Ru (/) 5.5486(9) 5.5406(7) 5.7648(5) 5.7527(5)
Ru-Ru (J/3) 5.8612(6) 5.8532(5) 5.8805(3) 5.8696(3)
Ru-Ru (J3) 6.6795(6) 6.6703(5) 6.7570(3) 6.7441(3)
O-Ru-O 88.66(7) 88.48(9) 89.82(6) 89.79(4)
bond angles 91.34(7) 91.52(9) 90.18(6) 90.21(4)
(degrees) 180.0(5) 180.0(5) 180.0(5) 180.0(5)
R, 2.66% 2.82% 3.24% 3.15%

ab plane. This IR is two dimensional with three symmetry
distinct order-parameter directions. Two of these directions,
resulting in the monoclinic C2/c and C2'/c’ subgroups, allow
the transition to be continuous. The third subgroup P1 cannot
be accessed directly from the paramagnetic state in the orbit
space of the phenomenological Landau decomposition and,
therefore, the associated transition is required to be necessarily
first order. The continuous nature of the magnetic transitions
in Sr3 ARuOg leaves us with the two monoclinic options for a
further consideration. The C2/c and C2'/c’ subgroups are
separated by the collinear moment direction that activates
them, being either along the glide plane of the original cell
(C2/c), or perpendicular to it (C2'/c’). It should be noted,
however, that in these IRs, the moment collinearity is not
imposed by symmetry. These C2/c and C2’ /¢’ subgroups can
couple the mI';" or mI'S IRs, respectively, as secondary order
parameters, potentially allowing small moments along the ¢
axis.

III. MAGNETIC PROPERTIES

Characterization measurements were performed using in-
dividually mounted crystals. A Quantum Design PPMS was
used for specific-heat measurements and magnetization mea-
surements were performed using a Quantum Design MPMS
3, equipped with a SQUID magnetometer with a dc field.
Zero-field cooled (ZFC) and field cooled (FC) measurements
were performed in the presence of a 1000-Oe magnetic field
from 30 to 100 K. The response to a magnetic field was
measured by sweeping the external magnet between —50 and
50 kOe. In each case, the magnetization measurements were

performed with the sample mounted with the ¢ axis either
parallel or perpendicular to the magnetic field. Given the
small crystal dimensions, we estimate the possible error in
orientation to be < 5°.

The heat-capacity measurements, shown in Figs. 5(a)
and 5(b), indicate second-order phase transitions at 90 K
for Sr;LiRuOg¢ and 70 K for SrzNaRuOg, in agreement
with previously observed magnetic transitions. These phase
transitions are of comparable magnitude to the exchange
couplings calculated using EHTB. The same transitions are
observed in the magnetization measurements, showing a small
ferromagnetic response in either alignment [see Fig. 5(b)]. No
difference was measured between ZFC and FC measurements,
although it is possible that some small remnant field in the
cryostat meant a true ZFC measurement was not possible. The
recorded magnetic moment is one order of magnitude stronger
when the sample is normal to the field direction.

The effective moment expected from a Ru>*:4d> cation in
an octahedral configuration is 3.87 4 5, assuming a completely
quenched orbital magnetic component. Were all the Ru
moments contributing, this would lead to a susceptibility of
21.6 emu/mol. This is more than two orders of magnitude
greater than measured in the perpendicular geometry, implying
most of the moments are antiferromagnetic and therefore not
contributing to the ferromagnetic moment. A small remnant
moment of ~ 0.02u g per Ru is measured in the absence of an
applied field in the perpendicular case, indicating a small ferro-
magnetic moment remains within the ab plane [see Fig. 5(c)].
A similar remnant moment and small ferromagnetic response
was reported by Darriet et al. although their measurements
averaged over all crystal orientations.
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FIG. 2. Ilustration of the possible exchange pathways in a cell of
Sr; ARuOg. Gray spheres are Ru, green are Li or Na, and red spheres
are O. The Sr ions have been removed for clarity. In (a), the three
exchange paths are shown in the context of Ru-Ru bonds within the
unit cell. In (b), dotted lines indicate the three Ru-O-O-Ru extended
superexchange paths and are labeled in their respective color, along
with their Ru-O-O-Ru path length and dihedral angle and Ru-O-O
bond angle.
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FIG. 3. Calculations from CAESAR2 indicating the highest oc-
cupied molecular orbital along each exchange path. Red and blue
meshes illustrate orbitals around neighboring Ru ions. Orbitals
generated for J; and J, are reflected between the ions as a result
of antiferromagnetic exchange.
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R3c R3c’ C2/c c2'/ ¢
FIG. 4. Possible magnetic moments of the Ru ions. Each panel

indicates the moment direction given by the possible magnetic space

groups determined by representational analysis of the parent space

group.

The Curie-Weiss parameters were determined from the
high-temperature regions of the inverse susceptibility, pro-
viding estimates of the effective moment and Curie constant
consistent with those previously reported [12].

In summary, the physical properties measurements indicate
very similar magnetic behavior of both samples, with mag-
netic transitions occurring at elevated temperatures. A small
ferromagnetic component is observed, predominantly within
the ab plane, although this is only a fraction of the expected
moment of system. Fits of the Curie parameters indicate the
majority of the moment is antiferromagnetic and the estimated
effective moment implies no sizable anisotropy from an orbital
magnetic moment.

IV. NEUTRON MEASUREMENTS

Measurements were performed using the long-wavelength
neutron diffractometer Wish [22] at the ISIS facility (UK).
Due to the difficulty in producing a single phase powder by
direct synthesis, a small, 5 mg powder sample was produced
by grinding a small quantity of Sr;LiRuOg single crystals.
The sample was loaded into a cylindrical 3-mm-diameter
vanadium can and measured at 100 and 1.5 K using an
Oxford Instruments cryostat. The powder data were refined
using the FULLPROF suite [23], including the use of the
BASIREPS program [24] for definition of the magnetic modes.
A nuclear model was refined based on the single-crystal x-ray
refinement data, using the 100-K powder data. Additional
peaks are apparent in the low-temperature data set (see Fig. 6)
and these can be indexed on the same lattice, indicating
a propagation vector k= (0,0,0), which is consistent with
previous measurements of the Ca analog [12]. Refinements
were made against the low-temperature data using the four
possible magnetic models shown in Fig. 4. The ferromagnetic
model is ruled out immediately by the presence of the large
peak indexed as the {101} family of reflections and the in-plane
antiferromagnetic models demonstrated better fits to the the
data due to the presence of a weak peak at the (003) position.
It was not possible to separate the two in-plane models due to
the measured hexagonal cell showing no variation within the
resolution limit of the present powder diffraction experiment.
An illustration of the best fit obtained by an in-plane model
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FIG. 5. Physical properties measurements of Sr;LiRuOg and
Sr;NaRuOg. In (a), the sample heat capacity indicates transitions
at 90 and 70 K for the two samples, respectively. Susceptibility data
in (b) indicate a weak ferromagnetic trend below the transitions with
a stronger response when the field is perpendicular to the ¢ axis;
note that this plot is shown on a log scale for clarity of the smaller
response with a parallel field. The field sweeps in (c) indicate a
remnant magnetic moment when measured perpendicular to the ¢
axis.

is given in Fig. 6. The ordered magnetic moment determined
by the refinements was 2.03(3)up, which is lower than the
ordered magnetic moment expected for Ru’*. Such a reduction
of the static magnetic moment is often reported in systems with
extended superexchange interactions, and is often attributed to
fast fluctuations of the spin state.

Small crystals of Sr;LiRuOg and Sr;NaRuOg were also
measured on Wish, though the small sample sizes (50 x 50 x
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FIG. 6. Neutron powder pattern of Sr;LiRuOg measured at 1.5 K
with calculated diffraction pattern from the C2'/¢’ magnetic model.
Pure magnetic reflections are labeled. The inset magnifies the region
showing the greatest variation between the models.

500/300 pum?, respectively) meant that long counting times
were necessary. As exhibited in Fig. 7, several reflections
were observed that disappeared above the magnetic transition
temperature. Most important among these is the (003), a
reflection forbidden by the structure’s symmetry and also
forbidden in the case of ferromagnetic scattering. Magnetic
scattering can only appear at the (003) reflection if there is an
antiferromagnetic component of the magnetic moment normal
to this direction. Immediately this allows us to rule out two

@ (b)
4.0
— 3.5/ Sr;LiRuO;
= 12t (003) 3.0 (101)
f& N
- 2.5
.;"; 8 2.0
a6
=] 1.5
-E 4 1.0
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© (G))
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- Sr;NaRuO; Sr,NaRuo, — 2K
='2.5 (003) L5 (101) — 100K
B8 2.0
>
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35 36 3.7 3.8 39 40 6.5 6.6 6.7 68 6.9 7.0
d-spacing [A] d-spacing [A]

FIG. 7. Selected reflections from single-crystal neutron diffrac-
tion measurements of Sr;LiRuQOg and Sr;NaRuOg. In both systems,
magnetic scattering occurs below the magnetic ordering temperature.
The presence of scattering at the (0,0,3) reflection indicates that the
moments have some component within the ab plane.

134404-5



D. G. PORTER et al.

of the possible magnetic models described in Sec. II, as both
mI'| and mI'; require the moment to be along the ¢ axis and
do not allow any in-plane component. Reflections at the (003)
and (101) were both observed to disappear above the ordering
temperature, as shown in Fig. 7. All of the ferromagnetic
reflections have a nuclear component, however, we did not
observe any variation in intensity below the transition in
these reflections, including the weak nuclear (110) reflection,
although the small size of sample could mean that a very
weak ferromagnetic signal could have been missed. Within the
instrument resolution, there was no evidence of split reflections
arising from a small monoclinic distortion.

V. X-RAY MEASUREMENTS

Single crystals from the same batch as for the neutron mea-
surements were studied on the materials and magnetism beam-
line, 116, at Diamond Light Source Ltd. [25]. Measurements
were performed at the Ru L3 absorption edge (2.838 keV) by
reconfiguring the beamline for low energies, performing four
bounces on the silicon monochromator, minimizing the air
path, and extending the detector capability to low energies. At
this energy, the focused spot size was &~ 180 x 50 um?. This
is notably the first experiment on 116 in this energy range,
effectively extending the beamline capability below the initial
specifications. Samples were aligned in different geometries
depending on the reflections measured. For reflections along
the (OOL) direction, the samples were mounted as vertical
rods, scattering from a very small 50 x 50 umz, cleaved
surface at the top of the rod. This arrangement gave access to
reflections close to the (O0L) direction and had the advantage
of providing a large azimuthal range at the (003) reflection. For
other reflections, including those more sensitive to in-plane
components, the samples were mounted flat, with the beam
incident on the larger (hh0) surface of each sample. This
arrangement gave a larger scattering surface which was less
sensitive to movements of the cryostat and sample platform
when changing temperature.

The polarization of the diffracted beam was linearly
analyzed by rotating the scattering plane of a highly oriented
(002) graphite plate. The cross-channel leakage of the analyzer
crystal at this energy was < 5%. The samples were measured in
both vertical and horizontal beamline geometry, giving access
to all four linear polarization channels, defined in Fig. 8.
Using both geometries allowed us to take full advantage of
the different sensitivities of the polarization cross sections
present in resonant x-ray scattering. The Ru L3 absorption
edge is sensitive to the electric dipolar transition 2p3,, — 4d,
where the resonant elastic amplitudes are dependent on the
polarization. The E1-E1 magnetic resonant x-ray scattering
amplitudes can be expressed as [26]

o—m'
T -7

0
- (F3 sinf — Fj cos6

!
mRXS _ [0 —O
E1El T —0

Ficosf + F5sinf
—F,sin 20 ’

where 6 is the Bragg angle and F), F5, and F; are the Cartesian
components of the magnetic scattering factor in the sample
coordinate system, defined in Fig. 8.
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Yu,

FIG. 8. Definitions of labels used in the description of resonant
x-ray scattering measurements, where U is the sample coordinate
system, k and k' are the incident and outgoing wave vectors, 7w and
o are the polarization directions, 0 is the Bragg angle, and Q is the
wave-vector transfer.

Special consideration should be given to the effect the
activation of the mF;r IR, as the tensorial extinction rules of
the system are dramatically changed when this representation
is active. The magnetic symmetry allows now for three
monoclinic domains, and even if the average global symmetry
of the system is still in the parent group the electronic
cloud distribution is no longer constrained by symmetry. The
glide plane peaks, forbidden by the standard extinction rules
in both monoclinic and pseudohexagonal crystal structures,
are allowed in the high-symmetry trigonal phase only in
the quadrupolar (E2) resonant channel, due to the threefold
symmetry of the Ru sites, which forbids it in the dipole-
dipole (E1-E1) channel. In the antiferromagnetic phase, if
the threefold symmetry at the ruthenium site is broken, this
E1-E1 channel becomes allowed. The amplitude of this
signal will depend on the 4d DOS projected in directions
determined by the incoming and outgoing polarizations so it
will increase with the increase in the monoclinic distortion,
however, in several cases it has been shown that such effects
are already visible when the distortion is not yet visible by
conventional diffraction [27]. The geometrical part of the
nonmagnetic active spherical tensors in such situation are
linear combinations of the Y., spherical harmonics.

Absorption from the cryostat’s Be dome was found to
remove the fluorescent background almost entirely, due to the
higher absorption of the lower-energy fluorescent signal. As
such, we performed an initial characterization of the fluores-
cence before the dome was fitted. Diffraction measurements
were performed with the cryostat dome added and evacuated.
We identified resonant peaks at charge forbidden reflections by
scanning the incident beam energy across the resonant edge
at a forbidden reflection defined using a reliable orientation
matrix.

The resonant behavior of the magnetic reflection (021) at
the Ru L3 edge in Sr3LiRuQg is shown in Fig. 9, along with
the absorption coefficient determined from the fluorescence
measurement. Once corrected for beam path and sample
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FIG. 9. Resonant x-ray diffraction measured at the Ru L;
(2.83 keV) absorption edge at the magnetic (021) reflection in
Sr;LiRuQ¢ at 8 K. The absorption coefficient i was determined
from fluorescence measured at 300 K.

absorption, the resonant behavior was the same for samples
of both Sr;LiRuOg and SrsNaRuOg. Measurements were also
made at the Ru L, edge (2.967 keV), and while the observed
intensity was higher, the absorption is less at this higher
energy and the corrected intensities were equivalent within the
uncertainties of the corrections. The shape of the resonance
is peculiar in this system due to the existence of the smaller
secondary peak at higher energy (2.843 keV). Simulations of
the dipolar E'1-E1 resonance using the FDMNES software [28]
show a qualitative agreement with this resonant shape. The
ratio of the two peaks did not vary with azimuth, as such,
there is no need to consider additional multipolar scattering
processes.

A number of such resonances were found above weak
reflections or extinctions and the polarization behavior of
these reflections is illustrated in Fig. 10(b). The (101) and
(003) reflections were present at extinction positions in both
samples and their polarization appeared completely rotated, as
the intensity was mainly found in the rotated o-7’ channel,
with a small component in the o-0’ channel due to leaked
intensity from the analyzer. As with the neutron scattering
results, these reflections are sensitive to antiferromagnetic
moments, though here the reflections are sensitive to both
moments within the plane and moments along the ¢ axis. The
(110) charge reflection is very weak due to near cancellation of
the charge structure factors and is particularly sensitive to weak
scattering phenomena. The L-even reflections are sensitive to
ferromagnetic moments but the (110) is also a useful position
to look for multipolar tensorial scattering brought on by a
small monoclinic distortion arising from the onset of the mI'y
IR. This reflection was measured in horizontal geometry on
the (hh0) surface, giving the advantage of reduced charge
scattering and also access to the m-7" channel, which is
sensitive to magnetic moments out of the scattering plane or,
in this geometry, ferromagnetic moments along the ¢ axis.
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FIG. 10. Resonant x-ray diffraction measurements at the Ru L3
edge showing temperature dependencies of magnetic reflections in
(a) and the variation with polarization in (b). Left-hand panel
reflections are magnetic in origin, and on the right hand, weakly
allowed charge reflections are shown for comparison.

Polarization scans of this reflection found a strong signal in
the m-7r" channel and no discernible component in the 7-o’
channel.

Each reflection was measured as a function of increasing
temperature to verify the magnetic nature of the sample
and establish the magnetic order parameter. The reflections
were measured in the orientations described above in order
to minimize variation of the surface position during sample
heating. The reflections were measured at each tempera-
ture by performing a rocking scan with a Pilatus photon
counting area detector, ensuring that the reflection did not
become misaligned. The temperature dependencies, shown in
Fig. 10(a), are in clear agreement with the physical properties
measurements, with magnetic resonant reflections appearing
at 90 K for Sr3LiRuOg and 70 K for Sr;NaRuOg. The
antiferromagnetic reflections (003), (101), and (021) have a
typical thermal dependence of the order parameter and have
no intensity above the ordering temperature. The weak charge
reflection shows a subtle increase at the transition, consistent
with the onset of a very small magnetic enhancement.

The spectral (003) reflection was measured as a function
of azimuthal angle in both samples, realigning the sample and
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FIG. 11. Azimuthal dependencies of the resonant magnetic (003)
reflection at 10 K of (a) Sr;LiRuO¢ and (b) SrzNaRuOg. The
azimuthal angle v is the rotation around the wave-vector transfer,
where ¢ = 0 is defined along the projection of the (£00) direction.
Simulations of three trigonal domains from the antiferromagnetic
in-plane model C2'/¢’ are shown with the resulting summation that
follows the observed data.

reflection at each step to counter the diffractometer sphere error
and small sample size. At each azimuth, a rocking scan was
performed with a Pilatus area detector to ensure small changes
in the sample alignment were followed. The azimuthal depen-
dencies shown in Fig. 11 appear to show different behaviors for
the two samples, where the Sr3;LiRuOg reflection is essentially
flat but the same reflection in Sr3NaRuOg has a sinusoidal
variation, although it should be noted that the minima of this
curve do not reach zero intensity. A flat azimuthal dependence
would be the signature of a moment laying along the c
axis, however, neutron measurements exclude this possibility.
Another way to interpret such a result is to consider multiple
magnetic domains. On the (003) reflection we expect both the
obverse and reverse domains to contribute according to their
phase fraction, however, their azimuthal variation is identical.
The in-plane moments of the ml"; IR lower the symmetry
to monoclinic. This monoclinic distortion can happen along
any of the three trigonal directions, producing three possible
magnetic domains separated by 120° rotations. Refining only
the relative contributions of the three trigonal domains, it was
possible to fit the azimuthal dependencies of both systems.
It was not possible to distinguish between the two in-plane
antiferromagnetic models as fitting different contributions of
the two models would lead to the same fit of the data. The
domain contributions for the two models, C2/c and C2'/c/,
are given in Table II. The possibility of multiple domains
contributing to azimuthal dependencies is often neglected in
analysis of resonant x-ray experiments, as most of the time a
single magnetic domain is much larger than the beam size. Our
results clearly indicate that this is certainly not the case in these
compounds and careful consideration of such possibilities
can result in a completely different conclusion with respect
to the magnetic structure inferred by the experimental data
set for a monodomain sample. Interestingly, while in the
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TABLE II. Domain contributions to azimuthal dependencies of
Sr;LiRuOg¢ and Sr;NaRuOg.

Domain C2/c c2/d
Sr3LiRuOg 1 34% 33%
2 26% 41%
3 40% 26%
Sr;NaRuOj | 74% 0%
2 21% 41%
3 5% 59%

Sr;LiRuQg case the data could be fitted also using a single
magnetic domain, although reaching a wrong conclusion about
the moment direction, the results obtained from Srz;NaRuOg
are particularly important as it is not possible to obtain an
acceptable fit within a single magnetic domain, even neglecting
all the symmetry consideration and allowing large moment
canting. The presence of almost equipopulated magnetic
domain size in the case of the Li points to micrometric
or submicrometric domains, whereas the different domain
fractions in the Na case seem to point to larger domain size
even if still smaller than the beam size. In the presence of
a subtle monoclinic distortion, similar domain sizes were
recently reported in Ref. [29].

VI. ANALYSIS

Our estimate of the symmetric exchange integral values
are consistent with the experimental finding of a magnetic
ground state with antiferromagnetic J; and J, exchange
integrals, described in Fig. 2(a). However, the Heisenberg
symmetric exchange interactions alone are degenerate in
respect of a global rotation of the magnetic structure, hence,
the corresponding part of the exchange energy does not depend
on the spatial direction of the interacting spins.

It is hence crucial to rationalize the origin of the magnetic
structure to understand the role played by the higher-order
anisotropic terms in the magnetic Hamiltonian such as anti-
symmetric exchange and single-ion anisotropy in removing the
global spin rotation degeneracy, making some crystallographic
directions preferable.

As these terms are hardly accessible experimentally a
powerful method is to approach the problem from the point of
view of group theory and establish which terms are symmetry
allowed and needed in the free-energy expansion to completely
lift the ground-state degeneracy. Once the invariant terms have
been formally written, by inspection it is possible to relate
each term to a specific physical interaction.

A detailed description of this approach is given in the
Appendix where we show that the in-plane spin configuration
with the C2'/c¢’ magnetic symmetry is energetically favorable
and can be physically understood considering the antisymmet-
ric Dzyaloshinskii-Moriya (DM) exchange as the dominant
anisotropic interaction in the system.

As shown in the Appendix, the antisymmetric interactions
can be divided into two types. The first one is imposed by
structural distortions unrelated to magneto-elastic coupling.
This part is described by a third-power free-energy invariant
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which couples in-plane antiferromagnetic and ferromagnetic
components and it lifts the degeneracy between R3c and the
in-plane configurations. This part is degenerate in respect of
the spin direction within the ab plane and therefore cannot
select between the C2'/c¢’ and C2/c magnetic space groups.
The second type of the antisymmetric exchange couples
in-plane antiferromagnetic and out-of-plane ferromagnetic
components and is imposed by the distortions induced through
the magnetoelastic coupling. It is described by the fifth-
power free-energy term and is activated only by the in-plane
antiferromagnetic configuration with the C2'/¢’ symmetry.
Experimentally, there is a weak signature of this out-of-
plane ferromagnetic component visible in the magnetometry
measurements in Fig. 4(c).

VII. CONCLUSION

Our results prove that antisymmetric exchange is crucial in
establishing the ground state of this family of compounds. In
the absence of local anisotropy, the degeneracy of the ground
state between the in-plane directions of the magnetic moment
is lifted by a fifth-order term in the free-energy expansion
coupling in-plane antiferromagnetism with a ferromagnetic
component along the ¢ axis. In the compounds studied here,
this result is confirmed by the behavior of the magnetization
both along the ¢ axis and within the ab plane. The same
expansion of the free energy will apply to similar systems, the
only caveat for such results being the absence of a competing
single-ion anisotropy. For this reason, in similar systems
magnetization measurements alone will provide an important
insight on the choice of the ground state. The absence of
monoclinic distortion and the small value of the ferromagnetic
moment point to the weakness of the DM term, in such respect
it would be interesting to analyze the response of these systems
to an external magnetic field, that could provide a handle to
rotate the magnetization.
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APPENDIX: SYMMETRY ANALYSIS

We follow the procedure developed in Refs. [31-33]
to analyze DM interactions in some Fe’-based distorted
perovskites. The procedure exploits the fact that antisymmetric
exchange is a coupling phenomenon imposed by structural
distortions. It couples orthogonal spin modes and is activated
when spins in the primary mode take specific directions in the
crystal such that the midpoint between the interacting spins no
longer possess a center of inversion [34].

This analysis is based on coupling trilinear free-energy
terms invariant in respect of a supergroup symmetry, where the
orthogonal spin modes transform by different irreducible rep-
resentations. These energy terms combine the spin modes with
the appropriate structural distortions, or atomic displacement
modes, which are responsible for the coupling. This approach
allows one to identify the relevant structural distortions and
to make a quantitative comparison between different coupling
schemes imposed by different displacement modes.

The paramagnetic crystal structure of SrzLiRuOg has
the R3c1’ symmetry and the experimentally found in-plane
antiferromagnetic configuration is bilinearly coupled to the
in-plane ferromagnetic component. The supergroup which
decouples these spin configurations is R3m 1’ with only half of
the translation along the c axis. This is the symmetry of the Ru

TABLE IV. Matrix of irreducible representation from generators of the R3m1’ space group associated with T’ [1? =(0,0,0)] and T

[I_é = (0,0,3/2)] points of symmetry. 7 is the time-reversal operator.

Trrep {=3+410,0,0} {2,10,0,0} {112/3,1/3,1/3} {111/3,2/3,2/3} {110,0,1} !
mUy (i) 1 -1 1 1 -1
) -1 -4 1 0 1 0 1 0 1 0 -1 0
mI'y(51,6) N 0 —1 0 1 0 1 0 1 0 -1
2 2
_1 V3 _1 -1 0 1 0 -1 0 -1 0
mTs5 (1,m2) (_jg _2.) <¢§2 i ) ( 0 _1> <0 1) ( 0 —1) ( 0 —1>
2 2 2 2
. -1 -4 1 0 1 0 1 0 1 0 1 0
F3 (01,02) % _% 0 —1 0 —1 0 1 0 1 0 1
) 1 -1 1 -1 1
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FIG. 12. Ru-O-O-Ru super-superexchange bond in the R3m
(@) and R3c (b) structures. Oxygen in the R3m struc-
ture occupies 36i[0.1742(2),0.1528(2),0.2092(4)] Wyckoff posi-
tion with the occupancy 0.5. In the R3c structure the oxy-
gen position splits into two independent sites shown by dif-
ferent colors, 36 f[0.1742(2),0.1528(2),0.1046(2)] (occupied) and
36£10.1742(2),0.02140(2),0.1045(2)], vacant.

sublattice without environment and electronic anisotropy of
the Ru atoms. Ru occupies the 3a Wyckoff position in R3m 1’
and the in-plane antiferromagnetic and ferromagnetic spin
modes are transformed by the two-dimensional mT;(m,nz)
and mI‘; (&1,&,) irreducible representations of R3ml, respec-
tjvely (Tables III and I'V). I" and T relate to the k = (0,0,0) and
k = (0,0,3/2) points of symmetry, respectively. To combine
them into a free-energy invariant, structural distortions with
the 7,"(8) symmetry need to be added:

1 1
7§3§1n2 - ﬁ5§2771

These structural distortions reduce the symmetry from
R3m1’ down to R3cl/ and locally they play the role of
Dzyaloshlnsku vector D, ; for pairs of interacting spins S; and
S ;. In the R3m1’ supergroup, oxygen is disordered over the
36i Wyckoff position and the midpoint between the Ru>* ions
poses a center of inversion. The one-dimensional order param-
eter T;(S) has several physical realizations (distortion types).
The order-disorder scalar-type splits the 36i oxygen position
into two 36 f positions, one of which is fully occupied and
another is empty in the R3c1’ structure (Fig. 12). This removes
the inversion center activating the antisymmetric exchange.
Another realization of the T;’(S) order parameter is a rotation
of the RuOg polyhedra about the ¢ axis. This pseudovector
type of distortions also modifies the Ru-O-O-Ru super-
superexchange paths and activates antisymmetric exchange.

The two antiferromagnetic in-plane configurations with the
C2/c and C2'/c’ magnetic space groups, discussed in Sec. II,
occur when the order parameter in the mT;" representation

3&1m — — 8&m. (A1)
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space takes the mT3+(n1 ,0) and mT;r (0,m,) directions, respec-
tively. They couple the corresponding orthogonal ferromag-

netic components with the (‘/Tgél, — %51) and (—%51, — ‘/Tgél)

order parameters in the mF; representation space. In both
cases, the free-energy term (A1) reduces down to the product
%(Sén, indicating that both configurations C2'/¢’ and C2/c
are degenerate in respect of this part of the antisymmetric
exchange.

The out of-plane ferromagnetic component is transformed
by the mI"S (1) irreducible representation of R3m 1’ and cannot
be coupled to the in-plane antiferromagnetic configuration
through the trilinear invariant similar to that specified above.
Thus, the system adopts the in-plane spin configuration to
activate the coupling term (A1) and gains energy from the
antisymmetric exchange imposed by the structural distortions
reducing the symmetry from R3m1’ down to R3cl’.

To further compare the C2'/¢’ and C2/c magnetic space
groups, let us consider higher-order free-energy terms. In this
respect, the fifth-power invariant

Sy — 38umn; (A2)
is particularly important since it breaks the degeneracy
between the two in-plane spin configurations. It couples
the out-of-plane ferromagnetic component p in the case of
the (11,0) order-parameter direction (C2'/c¢’ symmetry) and
it vanishes for the (0,7,) direction (C2/c symmetry). To
understand which microscopic interactions are behind this
energy term, let us rewrite the nonvanishing part § ;uﬁ = dun’
as ;unn?. The latter includes the product of y (ferromagnetic)
and n (antiferromagnetic) order parameters as in the case
of antisymmetric DM exchange interactions. In addition,
it contains n*> which is known to represent magnetoelastic
coupling. The general magnetoelastic coupling term is written
as

2
=021,

Ul’?%"‘z

1
O” —_— —
2[ i — oI Wi

1 1

Fomm - Eaznﬁ, (A3)

where o) and o, are components of the order parameter
transformed by the time even FJr representation. This term re-
duces down to —=01n> + 0'277 2 for the (17,0) order-parameter

2f
direction and couples the (m ,50) direction in F; . The

(ﬁia, %0) order parameter represents the symmetry-breaking
monoclinic strains and oxygen displacement mode which both
reduce the symmetry from R3m1’ down to C2/m1’. The
transformational properties of these quantities are identical
to n, and, therefore, the fifth-power term Sunn* can be
transformed to the fourth power o un, which describes the
magnetoelastically induced antisymmetric exchange.
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