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Abstract

The perovskite YRuOs containing low spin d® Ru®* has a Pnma orthorhombic structure with elongated
RuOs octahedra evidencing orbital order and is insulating to low temperatures with a band gap of 70
meV. Canted antiferromagnetic Ru®>* spin order is observed below T¢ = 97 K, and magnetization
plateaus that emerge below 62 K reveal a quantum weak ferromagnetic state where 1/8 of the spins
are reversed, reflecting extreme single-ion anisotropy resulting from the strong spin-orbit coupling of
the d° Ru* ion. Dynamic effects of the reversed spins give rise to an unusual negative AC susceptibility
response, and a partial freezing of this motion occurs at 27 K.

Interesting physics has recently been discovered in materials exhibiting the low spin electronic
configuration of d® Ru®* and Ir** ions, where strong spin orbit coupling (SOC) leads to an effective Jes =
% quantum ground state [1,2]. The perovskite SrirOs is a Pauli paramagnetic metal [3,4] but layered
derivatives Srq.lr,03,:1 (n = 1 and 2) are Mott insulators with a gap opened by SOC[5,6,7]. Spin-spin
interactions on honeycomb lattices lead to Kitaev quantum spin liquid like behavior, with emergent
magnetic Majorana fermions reported in a-RuCls [8], and the honeycomb iridate Na,lrO; exhibits the
quantum spin Hall effect at room temperature [9]. Ru* oxides are of interest in this context but are
very rare. A series of lanthanide-based LnRuOs perovskites synthesized at high pressures were found
to be Ru-deficient with compositions close to LnRuos05[10]. The Ln = La, Pr, and Nd materials were
found to be semiconducting with no long-range spin order down to 2 K. We have synthesized an
essentially stoichiometric sample of YRuOs [11] and we report here the observation of quantum weak
ferromagnetism and an unusual negative AC susceptibility response that demonstrate further new
physics arising from the large electronic anisotropy and strong SOC of Ru®".

Powder x-ray and neutron diffraction show that YRuOs adopts an orthorhombic Pnma tilted perovskite
superstructure (lattice parameters a = 5.82480(1), b = 7.55415(1), and ¢ = 5.20894(1) A from 300 K
synchrotron x-ray refinement). Traces of the pyrochlore phase Y,Ru,07 [12,13] were also observed.
Structure refinements using powder neutron data show that the RuOg octahedra in YRuOs are
tetragonally elongated with four short (2.04 A) and two long (2.10 A) Ru-O bonds. This is consistent
with Jahn-Teller distortion and evidences a long-range orbital ordering of t2,°> Ru®* states as shown in
Fig. 1, with the same cooperative Jahn-Teller arrangement as the prototypic orbitally-ordered material
LaMnOs; [14]. Resistivity measurements show that YRuOQjs is insulating down to 30 K with a gap of ~70
meV [11], consistent with the observed orbital ordering, and indicates that YRuOs is a narrow band
gap semiconductor with a localized electron ground state, in contrast to the metallicity of the d° analog
SrlrOs. First-principles density functional calculations confirm that the electron-localized G-type



antiferromagnetic ground state of YRuOs is stabilized by on-site electronic correlations of Ru 4d
electrons, with a Hubbard U = 4.9 eV calculated by a self-consistent procedure [15,16]. Electronic
isosurfaces reveal the orbital ordering of t,, states (Fig. 1b).

DC magnetic susceptibility measurements (Fig. 2a) reveal a magnetic transition in YRuOs at Tc = 97 K
and a weak magnetic neutron diffraction peak appears on cooling from 100 to 1.7 K, (Fig. 2b). This
indexes as (% % %) on a simple perovskite cell showing that G-type antiferromagnetic order occurs
with each Ru spin coupled antiferromagnetically to six neighbors. The magnetic neutron data are fitted
with ordered spins parallel to the c-axis (Fig. 1a), and the refined Ru** moment is 0.33(3) ps, close to
the reported value for a-RuCl; [17]. Although the apparent spin order is antiferromagnetic, divergence
of zero field and field cooled susceptibilities reveals that weak ferromagnetism (canted
antiferromagnetism) is present. This is observed in many magnetically ordered materials when
dominant Heisenberg exchange between spins, represented by the Hamiltonian -JS.S;, favors
antiferromagnetic order, but a secondary Dzyaloshinskii-Moriya (DM) interaction -D(SixS;) is allowed
by crystal symmetry and leads to a small canting of moments. Weak ferromagnetism is allowed when
the ferromagnetic component belongs to the same irreducible symmetry representation as the
antiferromagnetic basis, and a coupled loss of inversion symmetry can give rise to a net electric dipole
so that weak ferromagnets have been of great interest for type-ll multiferroic properties [18].
Magnetic symmetry analysis for YRuOs reveals that the observed antiferromagnetic order can coexist
with a ferromagnetic component parallel to the b-axis [11]. Similar weak ferromagnetic orders have
been reported in other G-type Pnma perovskites such as GdFeOs [19,20,21].

Magnetization-field hysteresis loops in Fig. 3 show that YRuOs has a weak ferromagnetic moment of
My, = 0.025 g per ion at low temperatures. Magnetic field cycling of a weak ferromagnet usually
results in direct hysteretic switching between the +M,, and -M,, magnetization states and the M-H
loops for YRuOs3 have a conventional shape from Tc = 97 K to 70 K, but between 70 and 60 K
magnetization steps emerge at low fields after field-reversal (see lower inset of Fig. 3). The positive
magnetization step has magnitude %M., and persists to critical field uoH. = -0.35 T at 50 K. (We
describe this as +%M(-) to signify that the magnetization plateau is observed when field is applied in
the opposite direction.) On cooling below 30 K, a prominent +%M.,,(+) plateau emerges with increasing
field and persists up to a field of 6.2 T at 2 K. Although this switches towards the M,, state at higher
fields, it is notable that the maximum field of 9 T is not enough to fully saturate the weak
ferromagnetism at 2 K resulting in the apparent small decrease in observed M,, and the +%M.(-)
plateau.

The observation of a fractional weak magnetization plateau in YRuOs reveals an unprecedented
quantum weak ferromagnetic state that persists to high fields (6.2 T at 2 K). This likely reflects the very
high magnetic anisotropy that results from strong SOC in Ru**. Coercive fields of 52 and 55 T were
reported for switching of ferromagnetic orders in Sr3ColrOg and SrsNilrOg reflecting the similarly strong
SOC of Ir** [22]. In such highly anisotropic systems, hysteretic reversal of magnetization by an applied
field occurs through 180° flipping of spins so that they remain parallel to their easy axis. A model for
the fractional weak ferromagnetism in YRuOs in which every 8™ plane of moments is reversed,
resulting in a long-period spin density wave, is shown in Fig. 4. Octahedral tilting leads to two
symmetry-related orbital ordering orientations, as shown in Fig. 1, and these define the local easy-
axes. In the standard weak ferromagnetic state, the antiferromagnetic (AF) spin components are
antiparallel to those of all six nearest neighbors with perpendicular weak ferromagnetic (wF)
components that arise from DM coupling ordered ferromagnetically. The %M, state requires 1/8 of
the wF spin components to be reversed, and results in inversion of the entire moment so that it



remains parallel to the easy axis. Further neutron studies will be needed to confirm the spin
arrangement in the %M,, state.

Quantum magnetic plateau states are reported in many frustrated or low-dimensional spin systems
where magnetic field switches order from antiferromagnetic (M = 0) in zero field towards saturated
ferromagnetic (M = M) at high field through a series of fractional M/M; states that emerge at
intermediate fields [23,24]. Plateau states correspond to opening of gaps in the magnetic excitation
spectrum due to quantum fluctuations which are maximal for S = % spin ions like Ru®*". Thermally
robust plateau states usually have low M/M; from flipping of a small proportion of spins within the
antiferromagnetic phase such as the M/M; = 1/3 state observed in many materials, e.g. CoV,0¢ [25].
The observation of only a M/M,, = % plateau down to 2 K in YRuOs suggests that a quantum wF state
is favored by flipping a small fraction of spins within the full wF order. Further flipping probably leads
to avalanche switching directly from +%4M,,(-) to —%M.,(-) or -M(-) states as field decreases, although
other fractional wF states may be observable at lower temperatures.

Spin dynamics in YRuOs at mT field strengths have been investigated by AC susceptibility as shown in
Fig. 5. Strong frequency-dependent features are observed between 10 and 60 K and give a negative
contribution to the real part of the susceptibility x' while the large dissipative %" imaginary term is
positive. (This is reminiscent of a superconducting transition although there is no resistive evidence
for such behavior in YRuOs.) The anomaly seen at 62 K likely corresponds to the change from the
classical (M\) to the quantum (3%M.,,) weak ferromagnetic state at low fields on cooling, consistent
with the emergence of the %M., step between 70 and 60 K in DC hysteresis loops (Fig. 3). The
frequency-dependent features show a sharp drop at 27 K and disappear below 10 K. The 27 K
discontinuity, below which the prominent +%M,,(+) plateau emerges in the DC hysteresis loops, has
no frequency dependence over the measured 100 Hz to 10 kHz range and so is not a conventional
spin-glass transition. Fitting of %' and "' data between 15 and 55 K [11] shows that the limiting low-
frequency susceptibility ¢ is positive and essentially constant (Fig. 6 inset), in keeping with the
featureless DC magnetisation variation in this range (Fig. 2a), while the negative contribution and the
27 K transition are seen only in the high-frequency limiting xs term that describes the spin dynamics.
The average spin relaxation time t between 30 and 55 K is found to follow a Vogel-Fulcher
temperature dependence [t(T) = toexp(Ta/(T — To)], which describes dynamic relaxation processes in
many inhomogenous systems such as glasses, relaxor ferroelectrics, and disordered magnets. The
fitted parameters are physically plausible as the characteristic time 1 = 0.15(1) ns has a typical
magnitude for non-metallic magnets, To = 26(1) K matches the observed spin dynamics transition at
27 K, and the fitted activation temperature of T, = 10.9(1) K corresponds to the low temperature onset
of frequency dependent susceptibility near 10 K in Fig. 5.

The negative %' response in YRuOs is highly unusual in insulating magnets (a rare example is a diverging
negative ' in NaggsCoO; [26] from Co* ions with low-spin d* configuration like Ru®* in YRuO3) and
indicates that the dynamic susceptibility originates from the 1/8 reversed wF spin components within
the %M, state, as these are magnetized antiparallel to the bulk magnetization and hence the field
direction. Motion of reversed-spin planes (Fig. 4) on field-cycling accounts for the large dissipative ",
and freezing of this motion through pinning to lattice defects is proposed as the origin of the dynamic
susceptibility transition observed at 27 K below which the prominent +%4M,,(+) plateau emerges.

In conclusion, YRuOs perovskite is found to have a Pnma orthorhombic structure with elongated RuOg
octahedra consistent with orbital ordering and a band gap of 70 meV. YRuOs has a spin ordered ground
state with G-type antiferromagnetism observed below Tc =97 K, and magnetization steps that emerge
below 62 K evidence an unprecedented quantum weak ferromagnetic state where 1/8 of the spins are



reversed, reflecting extreme single-ion anisotropy resulting from the strong spin-orbit coupling of the
d® Ru** ion. Dynamical effects of the reversed spins give rise to an unusual negative AC susceptibility
response, and a freezing of this motion is proposed as the origin of a spin dynamics transition at 27 K.
Fractional weak ferromagnetism is a previously-unexplored aspect of the quantum physics of spin-
ordered systems, and through magnetodielectric coupling could lead to quantum multiferroic
properties.
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Fig. 1. (a) The Pnma unit cell of YRuO3 with Y, Ru and O depicted in orange, red and black respectively.
Elongated Ru-O bonds are shown in green and display the cooperative Jahn-Teller distortion arising
from orbital ordering. Red arrows show the G-type antiferromagnetic structure order of Ru** moments
below 97 K. a and c axes are shown, and b is perpendicular to their plane. (b) Calculated isosurfaces
(at 0.02/bohr?®) of magnetization density reveal orbital ordering in YRuOs. The structure is drawn as a
V2 x 1 x V2 supercell of the Pnma structure projected on the (010) plane, and shows ordering of Ru

dxy(spin up) and d,x(spin down) orbitals, colored green and red respectively. Red and light blue atoms
denote O and Ru.
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Fig. 2 ZFC/FC magnetic susceptibilities (black/red) of YRuOs; under a magnetic field of 0.1 T showing
the magnetic ordering transition at Tc = 97 K. Inset show neutron powder diffraction patterns at 1.7

and 120 K. Red star identifies the magnetic peak from spin order in YRuOs; black star marks a spin
ordering peak from the Y,Ru,07 impurity.



Fig. 3 Magnetization-field hysteresis loops for YRuO3 with loops between 2 and 50 K and between 50
and 90 K separated for clarity. Insets show low-field data. The saturated weak magnetization M,, and
the %M., quantum weak ferromagnetic features are labelled. M, is linearly extrapolated from the high
field magnetization to H = 0 as shown and the %M.\, line is drawn parallel to the M,, line with M = %M,,
atH=0.
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Fig. 4 Model for the %M, quantum weak ferromagnetic state observed in YRuOs. Moments lie parallel
to two symmetry-related easy-axes resulting from tilting of octahedra. The vertical spin components
(parallel to the crystallographic c-axis) are coupled antiferromagnetically and weak ferromagnetic (wF)
components that arise from DM coupling are ordered in the horizontal (b-axis) direction as shown by
the lower blue arrows. The %M,, state results from inversion of all moments in every 8" plane, as
indicated by the red boxes, so that moments remain parallel to their easy axes while reversing their
wF direction.
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Fig. 5 (a) Real (‘) and imaginary (") parts of the AC susceptibility of YRuO3 measured at frequencies
from 100 Hz to 10 kHz between 2 and 110 K with an AC field amplitude of 1.5 mT. The magnetic
ordering transition of YRuO; is seen at 97 K, and a smaller peak at 86 K corresponds to the
antiferromagnetic ordering transition of the impurity pyrochlore phase Y,Ru,07 [12,13]. (b) Plot of
log(relaxation time) against inverse temperature. The Vogel-Fulcher fit over the 30 to 55 K range is
shown and the vertical arrow marks the 27 K transition in spin dynamics. Inset shows the fitted low-
(%) and high- (ys) frequency limits of AC susceptibility.



