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Spontaneous cycloidal order mediating a spin-reorientation transition in a polar metal
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We show how complex modulated order can spontaneously emerge when magnetic interactions compete in a
metal with polar lattice distortions. Combining neutron and resonant x-ray scattering with symmetry analysis,
we reveal that the spin reorientation in Ca;Ru,0; is mediated by a magnetic cycloid whose eccentricity evolves
smoothly but rapidly with temperature. We find the cycloid to be highly sensitive to magnetic fields, which
appear to continuously generate higher harmonic modulations. Our results provide a unified picture of the rich
magnetic phases of this correlated, multiband polar metal.

DOLI: 10.1103/PhysRevB.102.180410

The combination of polar distortions and magnetic order
leads to the celebrated functionality of magnetoelectric mul-
tiferroics [1,2]. Of particular interest are the magnetically
driven ferroelectrics, in which a macroscopic electric polar-
ization is induced by noncentrosymmetric magnetic ordering
[3]. In frustrated magnets such as TbMnOj [4], for instance,
inversion symmetry is broken by complex spiral ordering
which itself arises from competing magnetic interactions.

While conventional multiferroics are insulating, attention
has recently been focused on polar metals, in which polar
distortions and conduction electrons coexist [5,6]. The bi-
layer ruthenate CazRu,0O; is a particularly rare example of
a polar metal that also magnetically orders [7-9]. Tilts and
rotations of the RuOg unlock polar displacements of the Cu
and O ions, which are not screened as only Ru contributes
to the Fermi surface [10]. Alongside polar domains which
can be switched ferroelastically [10], CazRu,;O; demonstrates
magnetic switching: a thermally driven spin-reorientation
transition (SRT). At Tg = 48 K the collinear Ru moments
undergo a reorientation from the b [AFM,, see Fig. 1(b)] to
a axis [AFM,, Fig. 1(d)] [11,12]. In both phases the spins are
aligned ferromagnetically within each bilayer and antiferro-
magnetically between the bilayers, with propagation vector
(0,0,1) [8,11,12]. Due to the interplay of electronic correla-
tions and spin-orbit coupling, the SRT is intricately coupled
to the crystal structure and fermiology, coinciding with an
isostructural change in the lattice parameters [8] and an in-
crease in the resistivity caused by a gapping of most of the
Fermi surface [13-15].

In this Rapid Communication, we report the inverse of the
magnetically driven ferroelectric mechanism in CazRu,07:
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the formation of modulated order driven by competing mag-
netic interactions in the presence of structurally broken
inversion symmetry. Exploiting the complementarity of neu-
tron and resonant x-ray scattering, we reveal a magnetic
cycloid which evolves continuously between the collinear end
states over a remarkably small temperature range to mediate
the SRT. Symmetry analysis shows that the cycloid is stabi-
lized by a uniform Dzyaloshinskii-Moriya interaction (DMI),
stemming from spin-orbit coupling and activated by the small
polar distortions, which competes with easy-axis anisotropies.
We show how the frustration that renders the cycloid sensitive
to temperature also allows it to be delicately tuned by mag-
netic field, under which higher harmonic modulations of the
fundamental order appear to be generated. This necessitates
a reinterpretation of an incommensurate structure previously
observed under field [16], unifying it with the magnetic re-
sponse to doping [17-19]. Our results thus demonstrate a
transition at the juncture of polar metals, spin-orbit-coupled
systems, and magnetic frustration.

High-quality single crystals of Ca;Ru,O; were grown by
the floating zone method, and characterized by x-ray powder
diffraction, resistivity measurements, and energy dispersive
x-ray spectrometry. Twin domains were identified with po-
larized light microscopy, and single-domain pieces were cut
from larger crystals using a wire saw. Measurements were
performed on multiple crystals from different growth batches
with consistent results. The neutron and x-ray data presented
below are all from the same crystal, which was aligned by
Laue diffraction. Neutron scattering measurements were per-
formed at the WISH instrument of the ISIS Neutron and Muon
Source [20], and resonant x-ray scattering measurements at
beamline 116 of the Diamond Light Source. Further experi-
mental details can be found in the Supplemental Material [21].

We first report the discovery of bulk incommensurate order
in pristine CazRu, 07 from neutron scattering measurements.

©2020 American Physical Society
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FIG. 1. Incommensurate satellites at the spin reorientation from neutron scattering. (a) Reciprocal space maps showing satellite peaks
(44, 0, 1) around the (0,0,1) magnetic peak over a narrow temperature range around 75 = 48 K. (b) Crystal and magnetic structure of Ca;Ru, 05
below T with collinear spins pointing along the b axis. (c) Integrated intensity of the (0,0,1) (blue to red, with blue representing the AFM,
and red the AFM, phase) and (+36, 0, 1) (purple) peaks as a function of temperature, plotted alongside the in-plane resistivity p,, (black).
(d) Crystal and magnetic structure of CazRu,07 for Ty < T < Ty with spins pointing along the a axis.

Figure 1(a) shows reciprocal-space maps at temperatures
around Ts. Well above and below Ts (top and bottom panels)
a single peak can be seen at ¢ = (0, 0, 1) reciprocal lattice
units (r.l.u.) which arises from the known AFM, and AFM,
structures. As unpolarized neutron scattering is sensitive to the
component of the moment perpendicular to ¢, we are sensitive
to the full moment in both phases and the lower intensity in
the former is indicative of a smaller moment, consistent with
previous reports [12]. Strikingly, close to Ty (middle panel) the
central peak is strongly suppressed, and satellites can be seen
at incommensurate positions (£46, 0, 1) with § ~ 0.023 r.L.u.
Satellite peaks closely spaced around a commensurate posi-
tion are indicative of a long-range modulation of the nuclear
and/or magnetic structure, such as charge/spin density wave
phases [22,23] or spiral magnetic structures [24,25]. In this
case, the transfer of intensity from the commensurate to satel-
lite peaks suggests a common magnetic origin, while their
comparable widths indicate long correlation lengths. Compar-
ing the integrated intensity of the (0,0,1) and (6, 0, 1) peaks
to the in-plane resistivity p, in Fig. 1(c), it can be seen that
the boundaries of the incommensurate phase correspond to
changes of slope in p,p, revealing how the magnetic structure
is intimately linked to the electronic behavior.

Having established the existence of an incommensurate
phase in the vicinity of the SRT, we now turn to resonant x-ray
scattering to unravel its nature. Tuning the incident x rays to
the Ru L, absorption edge causes a resonant enhancement of
the scattered intensity, which combined with a polarization
analysis of the scattered beam results in an element-selective
probe of long-range magnetic order. Figure 2(a) shows rock-
ing scans of the (0,0,5) peak in two orthogonal polarization
channels. X rays polarized in the scattering plane are denoted
7, and those normal to it o [see Fig. 2(b)]. For incident o x
rays, resonant scattering from a magnetic moment occurs only
in the crossed o -7’ polarization channel [26], so the dominant
intensity in this channel verifies the magnetic origin of the
peak. The remnant intensity in the o -0’ channel is due to leak-
age through the analyzer (see the Supplemental Material [21]).

In contrast to neutron scattering, resonant x-ray scattering
in o-7’ is sensitive to the component of the moment parallel to
ky. More information about the magnetic structure can there-
fore be obtained by rotating the sample through an azimuthal
angle W in order to vary the component projected along ky
[see Fig. 2(b)]. Azimuthal dependences of the (0,0,5) peak
are shown in Fig. 2(c). For basal-plane collinear structures,
calculation of the resonant cross section gives an intensity
o cos?(W + ¢) [solid lines in Fig. 2(c)] where ¢ is the rotation
of the moments away from the a axis [11]. At 40.4 K it can
be seen that ¢ = 90° and the moments are along b, while
at 55.6 K ¢ = 0° and the moments are along a. The upper
and lower panels in Fig. 2(d) show & scans through (0,0,5)
as a function of temperature for two azimuths, sensitive to
the b (W = —90°) and a (W = —180°) components of the
moments, respectively. The spin reorientation is clearly iden-
tified by the transfer of commensurate intensity between the
azimuths. The satellite peaks are also visible at both azimuths,
and intriguingly have subtle temperature dependences to their
wave vectors and intensities. We now analyze these satellites
in more detail.

Figure 3(a) shows & scans in both polarization channels,
confirming the magnetic origin of the satellites. In order to
determine the structure of the incommensurate phase we per-
formed a detailed investigation of the azimuthal dependence
of the satellites. Representative dependences are shown in
Fig. 3(b). All of the dependences are sinusoidal, but show
dramatic changes in peak-to-peak amplitude and phase, evi-
dencing a remarkable evolution of the structure over a small
temperature window. Unlike in the commensurate phases
where the intensity goes to zero when ks is perpendicu-
lar to m, here we see a finite intensity at all W. This is a
clear indication of a noncollinear rotating structure, with a
component of the moment always parallel to ky. We cal-
culated the cross section for all possible modulated states
using the MAGNETIX package [27] and found that a cycloid
with moments rotating in the a-b plane, maintaining the fer-
romagnetic coupling within bilayers and antiferromagnetic
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FIG. 2. Spin reorientation from resonant x-ray scattering. (a) Rocking curves of the (0,0,5) peak at 10.5 K in the o -7’ (orange) and o-o’
(green) polarization channels, confirming its magnetic origin. (b) Experimental geometry, showing incident x rays with wave vector k; (red
arrow) scattering from a magnetic moment m (blue arrow) to wave vector ky. The incident x rays are polarized horizontally, normal to the
scattering plane (o polarized, green arrow), and the scattered x rays are polarized either in the scattering plane (x’, orange) or normal it (¢”,
green). The azimuth W is varied by rotating the sample around the scattering vector ¢ = ky — k; (black arrow). (c) Azimuthal scans of the
(0,0,5) peak above (55.6 K, red) and below (40.4 K, blue) T5. (d) & scans through (0,0,5) as a function of temperature at ¥ = —90° (top panel,
sensitive to the component of the moment along b) and ¥ = —180° (lower panel, sensitive to the component along a). The intensity is plotted
on a log scale.

coupling between bilayers, is uniquely consistent with our
data.

To understand the temperature evolution of the magnetic
structure, we developed a model in which the cycloid is de-
composed into two spin-density wave components 7 /2 out of
phase, that in the commensurate limits are equivalent to the
AFM, and AFM, structures. The only free parameters are the
amplitudes of these components, M}, and M,, which describe
the elongation of the envelope of the cycloid along the b and
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a axes, respectively. We fit the azimuthal dependences using
MAGNETIX [solid lines in Fig. 3(b)] and found that this simple
model provides a remarkably accurate description of the data
at all temperatures. The fits can be intuitively understood by
neglecting the small 4 component of the wave vector, which
simplifies the dependence to o«(M, sin W)? + (M, cos W)%. It
can then be seen that the peak-to-peak amplitude of the os-
cillations, M} — M2, is directly related to the eccentricity of
the cycloid (after normalizing out the effect of the increase in
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FIG. 3. Evolving cycloidal structure from resonant x-ray scattering. (a) 4 scans through (0,0,5) in both polarization channels, showing that
the incommensurate satellites are magnetic. (b) Azimuthal dependences of the (—§, 0, 5) satellite at select temperatures. The solid lines are
fits to the cycloidal model described in the text. (c) Amplitudes of the cycloid components extracted from fits like those in (b), normalized by
(M? + Mg)fl/ * to remove the effect of the increasing moment size on cooling. Solid lines are guides to the eye. (d) Schematic of the evolution
of the magnetic structure with temperature, with the lengths of the arrows indicating the changing of the cycloidal envelope from elongated
along b, to circular, to elongated along a. The changing moment size and period of the cycloid are neglected for clarity.
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the overall moment size on cooling), while the phase depends
on whether M, or M, is larger. The normalized fitted values
of the amplitudes are shown in Fig. 3(c) [including fits to
the commensurate dependences such as those in Fig. 2(c)].
In the commensurate phases only one of the components is
present, as expected. In the incommensurate phase, by con-
trast, both amplitudes are finite and vary with temperature.
This describes the magnetic structure shown schematically in
Fig. 3(d), where the envelope of the cycloid transitions from
elongated along b, to circular, to elongated along a. Our x-ray
data have therefore revealed a complex and evolving cycloidal
magnetic structure which mediates the SRT.

Theoretical justification of this model is provided by a
symmetry analysis of terms in the free energy (full details can
be found in the Supplemental Material [21]). The AFM, and
AFM, phases can each be associated with a one-dimensional
order parameter, u and p. The polar structure of CazRu,0O;
allows the Lifshitz-type invariant p(dp/dy) — p(dp/dy) in
the free energy. Such invariants describe instabilities towards
incommensurate modulated states [25,28,29], including the
cycloid observed here. The microscopic origin of the Lifshitz
invariant lies in a uniform DMI, which competes with easy-
axis anisotropies to select the ground state of the system.
Away from T, the easy-axis anisotropies dominate and pre-
clude the formation of a modulated state, leading to the AFM,,
or AFM, phase. As the easy-axis gradually changes from b to
a in the vicinity of the SRT, however, we expect minimal or
easy-plane anisotropy, allowing the uniform DMI to stabilize
the cycloidal phase.

The frustration that causes the evolution of the envelope
and period of the cycloid with temperature should also make
it highly sensitive to other perturbations. To demonstrate this,
we performed a neutron scattering experiment on CazRu,0;
with a magnetic field applied along the b axis. The resulting
temperature-field phase diagram is shown in Fig. 4, revealing
a large expansion of the cycloidal phase under small fields.
A striking feature of the phase boundary is its similarity
with that of the so-called “metamagnetic texture” reported
by Sokolov et al. [16], who measured incommensurate peaks
at (£A,0,0) in fields above 2 T with small angle neutron
scattering (SANS). The connection to the magnetic satellites
that we observe can be seen by doubling our wave vec-
tor (8,0, 1) and then projecting back into the first Brillouin
zone through subtraction of the lattice vector (0,0,2), giving
(25,0,0) =~ (A, 0,0) [30]. It is then readily apparent that the
peaks observed by Sokolov et al. are in fact second har-
monics of our satellites, whose presence at zero field rule
out the proposed metamagnetic texture. While we could not
directly observe the second harmonic satellites in our experi-
ment [31], their appearance under magnetic fields is naturally
explained by a phase modulation of the cycloid stabilized by
symmetry-allowed terms in the free energy (see the Supple-
mental Material [21]). This phase modulation corresponds to
the spins bunching along the field direction in order to reduce
their Zeeman energy, shown schematically by the purple ar-
rows in Fig. 4. In this scenario, a net magnetization develops
as higher harmonics are generated continuously from the zero-
field cycloid, in the absence of any metamagnetic transition.
Such behavior is reminiscent of the highly robust, tunable
soliton lattices seen in chiral helimagnets under field [32].

42 44 46 48 50 52
Temperature (K)

FIG. 4. Phase diagram for a magnetic field along the b axis
from neutron scattering. The color scale is the integrated intensity
of the (6, 0, 1) peak, with the AFM,, AFM,, and phase-modulated
incommensurate cycloid (PM-ICC) phases marked. The black dotted
line encloses the region over which peaks at (A, 0,0) =~ (24,0, 0)
were seen in a previous SANS measurement [16]. The purple arrows
are a cartoon of the spin distribution in the a-b plane in the PM-ICC
phase, depicted with a circular envelope for clarity.

Within this framework, we can also explain previous ob-
servations of incommensurate structures in doped CazRu,0;
[17-19]. Here, a reduced anisotropy from the introduction
of magnetic dopants should allow an easier turning of the
moments away from their easy-axis by the DMI, stabilizing
cycloidal structures with shorter repeat distances and over
larger temperature ranges.

Our analysis therefore unifies previously disparate mag-
netic behaviors of CazRu,05, attributing them to a common
origin and revealing a highly rich phase diagram. Knowl-
edge of the mediating cycloid, and the ingredients necessary
for its formation from symmetry analysis, will be vital for
the development of a conclusive microscopic theory of the
technologically relevant SRT. Alongside a review of bulk
thermodynamic and magnetization data in the vicinity of the
SRT, recent work which ascribes the reorientation to a “mag-
netoelectric” anisotropy [15] will need revising in light of
our results. Finally, given the fragility of the cycloidal order
and the strong coupling between the structural, electronic, and
magnetic degrees of freedom in CazRu,07, one might imag-
ine the possibility of using mechanical or electrical stimuli
as tuning parameters, with profound applications in magnetic
memory and spintronics.
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