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I. X-RAY MAGNETIC CIRCULAR DICHROISM (XMCD)

The X-ray magnetic circular dichroism (XMCD) experi-
ment was performed at the ESRF beamline ID32 using the
high-field magnet endstation'. The samples were cleaved in
situ in the high field magnet at low temperature and a pressure
better than 2 x 10~ % mbar leaving behind a clean ab surface.
The magnetic field was applied along the beam direction. The
b axis of the samples was titled by 15° towards the ¢ axis with
respect to the field direction, resulting in a small field com-
ponent along c but zero field along a. The X-ray absorption
spectra were taken in total electron yield mode with circular
left and circular right polarization for both positive as well
as negative field direction. The XMCD was determined from
all four spectra as the difference between spectra taken with
opposite helicity.

Fig. 1a shows the XAS spectra for positive and negative he-
licity and the XMCD obtained as the difference of the two in
the CAFM phase at low temperature and high field. In addi-
tion to the Ru M3 and M absorption lines there is an addi-
tional broad X-ray absorption features around 450 eV which
displays no XMCD and is due to Ca L35 absorption. We
followed the XMCD signal at the Ru M3 5 as a function of
magnetic field and temperature in the relevant region of phase
space. The obtained spectra are shown in Fig. 1b both with
the relative intensities as measured (left panel) and with the
intensities normalized to peak value (right panel). The in-
tensity of the XMCD signal (left panel) scales well with the
macroscopic magnetization curves shown in Fig. 2a of the
manuscript. The lineshape of the XMCD, however, does not
change, either with field or temperature, across the meta-
magnetic, magnetic and MIT transitions. Using the XMCD
sum rules, we can extract the ratio of orbital to spin mo-
ment aligned along the field which only depends on the ratio
of the integrated XMCD signal at the M3 and M, absorp-
tion edge, respectively?. As the XMCD lineshape does not
change across the phase diagram we always find the same
value < my > / < mg >= 0.13 &+ 0.02, confirming the
presence of a sizable orbital moment. In principle, spin- and
orbital moments can also be extracted individually from the
XMCD signals®. We refrained from doing so here because of

the complex background of the XAS spectra which makes it
difficult to extract reliable numbers.

The robustness of the XMCD lineshape and the < m; >
/ < mg > ratio suggests that the local crystal field experi-
enced by the Ru ions in the RuOg¢ octahedra does not change
significantly in the interesting region of the phase diagram.

II. TRANSPORT MEASUREMENTS

We carried out magnetotransport measurements on a sam-
ple in the Hall-bar geometry, prepared by focused Ion
beam (FIB) microfabrication. A lamella with dimensions
(3x20x100) pm?3 was cut from a single-crystal using Gal-
lium FIB. The device is shown in the inset of Fig 2a. We
used a standard four-terminal Lock-In method for measure-
ments of electrical resistivity. We applied a current of 100 A
with frequency f = 177 Hz along the a-axis while the magnetic
field was applied along the b axis. The zero-field resistivity
curve shown in Fig 2a resembles data reported previously? and
demonstrates the high quality of micromachined devices. The
in-plane resistivity, p,., as well as the Hall resistivity, p,.,
exhibit a step-like behavior at low temperatures (see Fig 2b
and c). The sharp change evolves into a broader transition
as temperature approaches 50 K. Above 50 K, both p., and
pyo Tollow an overall positive slope. Most interestingly, we
observe a two-step-like behavior in p,, for temperatures be-
tween 45 K and 49 K, the range in which the metamagnetic
texture was observed in small-angle neutron scattering mea-
surements. In general, the Hall resistivity can be a composi-
tion of three components:

Pyz = Py + Py + P (1)

where N, A, T denote the normal, anomalous and topological
Hall effect contributions*. Using the expression:

Sapl,M Pl
Pyz _ L g 2
7 Ry + Vi + o 2)

where H is the magnetic field and M is the magnetization,
we can extract the normal and anomalous Hall coefficients,

Pyx
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FIG. 1: (a) X-ray absorption spectra for both experimental helici-
ties and the corresponding XMCD in the CAFM phase. (b) XMCD
as a function of field and temperature in the relevant region of the
phase diagram. The XMCD intensities are shown both as measured
to ease comparison with macroscopic magnetization measurements
(left) and normalised to average intensity to better compare the line-
shapes between the XMCD spectra (right). (c) Ratio of orbital to
spin moment as extracted from the XMCD data.

Rp and S4 (see Fig 3a). The respective intercept and slope
of the linear fits to the high-field part of p,./H plotted ver-
sus Mp?2_/H are listed in Table 1. Again using these materials
parameters and M (H) data, the Hall resistivity p,, can be
simulated under assumption that only the normal and anoma-
lous contributions exist. In Fig 3b we show the simulation
result for T = 47 K compared to the raw data, M, p,, and
Pye- Both case a=0 and 1 are shown, which correspond to
an anomalous contribution dominated by intrinsic or extrinsic
scattering mechanisms, respectively®. As can be seen from
Fig 3c deviations between simulated Hall resistivity and the
experimental data appear for temperatures below 49 K. This
indicates the existence of a so-called topological contribution
to py. in the state corresponding to the H — T'-region of the
phase diagram, where the metamagnetic texture is observed.
It may be related to either a topological contribution or an-
other non-trivial contribution that is not considered through

normal and anomalous Hall resistivity. In particular, it may
derive from effects of a non-collinear spin-structure’.

[T % 5]

39 -64 2.1e-4
41 -7.1 2.5¢-4
43 -6.1 2.7e-4
45 -5.1 2.8e-4
47 -5.2 3.3e-4
49 -4.0 3.2e-4
51 0.7 2.2e-4
53 0.63 2.1e-4

TABLE I: Linear fit parameters extracted from Fig 3a.

III. SMALL-ANGLE NEUTRON SCATTERING
MEASUREMENTS

Our SANS sample 1 measured at ILL was a 238 mg single
crystal, mounted on Al sample holder with the c-axis verti-
cal and the b-axis parallel to the field and the neutron inci-
dent momentum. The approximate sample dimensions along
the major crystallographic axes were a=8.3 mm, b=7.7 mm,
c=1.5 mm. The SANS sample 2 measured at PSI was a 215
mg single crystal with approximate dimensions of a=6 mm,
b=5.3 mm, c=2.8 mm. The sample 2 was measured in the
same orientation as sample 1. &, the correlation length of the
magnetic texture along the b-axis, directed along the incident
momentum of neutrons was calculated from the rocking curve
measurement (rotation around the c-axis), schematically illus-
trated as w rotation in Fig 4a. The rocking curve at 2 T and
48 K, obtained by rotating the sample together with a cry-
omagnet was fitted by a Gaussian lineshape, which yielded
FWHM=3.1 and 2.7 degrees for the satellites contained in left
and right boxes, Fig 4b,c.

8In2
fb = M’ 3

where b is the full width at half maximum of the rocking
curve and Q is the wavevector of the observed reflection. For
estimates of £, and &, the correlation lengths along the a and ¢
axes we used the tangential and radial widths of the satellites,
which were fitted to Gaussian lineshapes. The experimental
resolution in a typical SANS geometry is largely determined
by the wavelength spread, AX/\ and d-spacing spread of a
sample, Ad/d. For the estimates of £, we ignored the effects of
the instrumental resolution since b >> ©AM/\ and the width
of the rocking curve is much greater than the angular size of
the direct beam (~0.44 degree). Here 20 is the scattering
angle.

1

“~ Quadzdy @

where Ad/d is the d-spacing spread of the lattice, which is
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FIG. 2: Transport measurements on a microstructured single crystal of CasRu>O~7: (a) Temperature dependence of the in-plane resistivity.
Inset: False color SEM image of the FIB-microfabricated Hall-bar device (purple) with gold contacts (yellow). Current runs along the a-axis.
(b) In-plane magnetoresistivity and (c) Hall resistivity curves at various temperatures for field applied along the b-axis.
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FIG. 3: (a) Linear fits (orange lines) to the Hall data from Fig 2 (c) to Eq. 2 as described in the text. The respective fit parameters we show in
Table 1. (b) Example curves (black) of magnetization, in-plane resistivity and Hall resistivity, at 47 K used for fitting the Hall data according
to Eq. 2. Pink and red curves are two simulations according to Eq. 2 with a=0,1, respectively. (c) Hall resistivity data from Fig 2c, offset for
better visibility. Orange curves are simulations according to Eq. 2 with a=0 using parameters from Table 1, see text for further details.

estimated from the radial width, R,, using the following,
(R, /20)% = (a/20)* + (Ad/d)* + (AN/N)?,  (5)

where a is the angular size of the direct beam as detailed in
Ref’.

8In2
= — 6
b Qtan(1/2)’ ©
where 7 is the intrinsic tangential variation of the lattice, which
is estimated from the tangential widths of the reflection, T,
and direct beam, az using the following,

T =V +a, @)

The field dependence of £, and . is shown in Fig 5. Whereas
no clear field dependence was observed for &,, a moderate
suppression of &, by the field was evidenced on both instru-
ments. In our SANS geometry the resolution in the detector
plane (our a-, and c-axes) is approximately one of order of
magnitude lower than along the neutron flux direction (our b-
axis). Therefore, the values of &, and &, should be regarded
as a lower limit on correlation length in the ac plane.

IV. SINGLE CRYSTAL GROWTH AND ORIENTATION OF
SAMPLES

Single crystals of CazRuzO7 were grown using a floating
zone method in a mirror furnace (Canon Machinery, model

SCI-MDH)), as reported elsewhere®. The crystal growth was
performed in an atmosphere of the mixture of Ar and Oq
(Ar:05=85:15).

The single crystals were oriented using the X-ray Laue
backscattering method utilising a home-built instrument. The
typical pattern shown in Fig 6 demonstrates very sharp reflec-
tions and allows to distinguish between the a- and b-axes. The
full width at the half maximum (FWHM)=0.32 degree of the
rocking curve measured at the strong nuclear reflection (10 0
0) in a neutron beam with the wavelength A\=1.272 A on D23
instrument at ILL indicated an excellent quality of our crystal,
Fig 7.

Oscillation images around crystallographic axes confirm
that crystal quality was maintained for the small single crystal,
Fig 8.

V. DFT CALCULATIONS

We have ascertained the presence of a sizeable effect of
spin-orbit couplings (SOC) and orbital magnetic moments by
standard DFT-calculations within the full-potential local or-
bital (FPLO) approach!®. We used the generalized gradient
approximation (GGA) as exchange-correlation functional'!.
Correlations beyond have been included by the GGA+U
method for the 4d-states of Ru with an effective Hubbard-
like U=0 to 3 eV. The fully relativistic FPLO code in-
cludes SOC to all orders, being based on solutions of the 4-
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FIG. 4: (a) Geometry of SANS experiment on D33 instrument at ILL. (b) Raw SANS pattern collected at 48 K in magnetic field of 2 T. (c)
Rocking scan of magnetic Bragg peaks shown in (b). Intensities in the left and right boxes in panel (b) are indicated by red and black markers,

respectively. Solid lines are best fits to Gaussian lineshapes.
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FIG. 5: Magnetic field dependence of the correlation length along the a (a) and c-axis (b) at 48 K. Dashed lines are a guide to the eye.

spinor Kohn-Sham-Dirac equations. As a relevant example,
for ferromagnetic spin configurations we find spin-moments
ms = 1.56 pp/ Ru ion and orbital moments m, = 0.19 pp/
Ru ion for a representative value of U = 2.25 eV. However,
there are large uncertainties regarding exact values of spin and
orbital moments, as seen from calculated results in Table II
and the appropriate values for the DFT+U-correction in the
metallic state at temperatures above the metal-insulator tran-

sition are uncertain. For U > 3 eV a gap opens and the band-
structure would correspond to an insulating ground-state, in
good agreement with earlier DFT-results by Liu'?. However,
the results indicate the presence of relatively strong SOC ef-
fects in the collinear fully polarized state. This also suggests
that antisymmetric Dzyaloshinskii-Moriya exchange is rela-
tively strong in CagRuO7. In view of the complex bi-layer
structure of CazRu,0O~; and its correlated metallic character at



FIG. 6: The room temperature X-ray Laue diffraction pattern of an as-grown (010) facet of a CagRu2O~ single crystal. The red spots and
assigned Miller indices show the calculated diffraction pattern of the Bb2; m orthorhombic-space group.
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FIG. 7: The rocking curve at (10 0 0) reflection measured in a thermal neutron beam. The peak is fitted by a Gaussian lineshape with the full
width at the half maximum FWHM=0.32 degree.

the relevant higher temperatures, a credible microscopic eval- VI. LANDAU-GINZBURG FREE ENERGY
uation of the Dzyaloshinskii-Moriya interactions (DMIs) is

hardly feasible. However, as the Ru ions occupy the general

8b Wyckoff positions in CazRuyO7, the microscopic DMIs

between the spins s; on these sites, D;; - (s; x s;) are allowed

for all pairs of sites with a general Dzyaloshinksii vector D;;,

which is only determined by the SOC in the spin-split elec-

tronic bandstructure.

U M Mo

eV un/Ru The primary magnetic order in CagRu;O7 has been iden-

tified as a simple antiferromagnetic two-sublattice structure,
0 153 009 where ferromagnetically coupled Ru-bilayers alternate with
1.00 146 0.12 antiparallel moments stacked in c-direction®. The antiferro-
150153 0.09 magnetic order breaks the B-centering operation with the vec-
200 1.520.20 tor t = (1/2,1/2,0) (in the Cartesian coordinate system of
225 156 0.19 . . . . . .
300 174 002 Fig. 4 a, which will be used for spatial and spin-coordinates
in the following). The metamagnetic behavior of this two-
sublattice order, and the tricritical behavior Fig. 4 c, can be
described by the Landau theory for the coupling of the two
equivalent sublattices M and My, but this expansion requires
higher-order terms'?. In the vicinity of the tricritical point the

TABLE II: Magnetic spin moment m and orbital moment m, on Ru
in CazRu207 from GGA+U density functional theory calculations.
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FIG. 8: (a), (b) and (c) show X-ray diffraction patterns of a small CazRu2O7 crystal after rotation about the crystallographic a, b, and c-axis

respectively. The rotation axis in each case is vertical.

expansion can be expressed by a free energy density

Fy = By (M + |My|?)
+ AM; - My
+ By(IMy|* + My )
+ Ay(Mp - MII)2
+ Be(IMi|® + |My[®). 3
)

Representing this phenomenological theory in terms of the
staggered vector 1 = (1/2)(M; — M) of antiferromagnetism
and the net magnetic moment f = (1/2)(M; + M) leads to
a free energy, which should include at least 6! order terms in
the Landau expansion to describe the tricritical point and the
phase coexistence between antiferromagnetism and ferromag-
netic field-enforced states,

ar|l]? + ay|f?

bif1|* + by |f]*

ci[117 ]£]?

all]® + cf|F|°

co[1*£? + e3P [£]* (10)

Wo

+ o+ o+ o+

The two co-existing symmetry modes 1 and f and their Carte-
sian spin-components belong to odd and even representations
of the Cmc2; space-group (which is a standard setting of
space group No36 equivalent to Bb2;m) with respect to the
partial ¢-translation, i.e. they have different symmetry. As this
crystal lattice of CagRuzO7 has a non-centrosymmetric or-
thorhombic symmetry belonging to Laue class 2mm, Landau-
Ginzburg free energies for these two modes can have Lifshitz
invariants, i.e. terms linear in spatial gradients of Cartesian
components of either of these modes. These terms derive from
the Dzyaloshinskii-Moriya interactions and can be written as
combinations of bilinear antisymmetric forms,

I’g;)(x) = (@ 0y — xj Oya;) . (11)

For the 2mm symmetry and the simple antiferromagnetism

in CazRu»Or, the corresponding free energy contributions are

wp = DT 1)+ D, T (1) (12)
wp = F,T@(f) + F,TW(f), (13)

where the coefficients D, ,, Fy., are materials constants.
These contributions, in particular wp lead to the spiralling
cycloidal modulations of the magnetic order'#, which we call
Dzyaloshinskii textures. In an antiferromagnet where only the
wp invariants are acting, an antiferromagnetic spiral would
be composed only of the l-symmetry mode. Therefore, we
can refer to such a sprial as a “proper” texture. In the
schematic phase diagrams, Fig.4c and Fig.4d, the presence
of term wp can lead to spiralling or other precursor textures
designated 7y in particular at higher temperatures above the
temperature range, where the anisotropies enforce a homo-
geneous antiferromagnetic state, which seems to be the case
in CagRuy0O7. Otherwise, the wp term can affect the anti-
ferromagnetic order-parameter and could lead to a spiralling
antiferromagnetic ground-state for weak enough anisotropies.
The existence of these terms also means that the thermal
phase transition from the paramagnetic to the antiferromag-
netic state does not obey the Lifshitz criterion of the Landau
theory for a continuous phase transition. Therefore, the ther-
mal ordering transition in a material with a contribution of the
form wp is expected to be anomalous. In particular, a fluctu-
ating precursor states can arise above the magnetic ordering.

A complete phenomenological theory then requires also the
usual squared gradient terms of the order-parameter,

wp = A (VD)2 + Ay (VE2 +..., (14)

where the ellipses stand for anisotropic exchanges terms. In-
deed, in CazRu,O7 strong additional anisotropies, suppress a
modulation in the antiferromagnetic ground state. A complete
Landau theory for the homogeneous states would require ad-
ditional terms, the leading magnetocrystalline anisotropy be-
ing described by

K.+ ke f2
+ Ky 24 Ryl ly + Ky ly
+ e R vyl by vy ly, (15)

Wq



with anisotropy coefficients K., x,v. We note that for
doped compounds Caz(Ru;_,TM,)207, where TM is Fe or
Mn, incommensurately modulated antiferromagnetic ground-
states have been observed'>!® and have been interpreted as
Dzyaloshinskii spirals'’. The observation suggests that the
substitituion on the magnetic site weakens the anisotropy and
reveals the presence of the inhomogeneous terms wp, such
that the wp terms overcomes the anisotropies w,,.

In the region of the metamagnetic phase co-existence, ad-
ditional higher order Lifshitz terms become operative, which
couple 1 and f. There are a great number improper of cou-
plings between these modes in CagRu;O7. With the aim to
illustrate the complexities of possible effects, we give here a
complete list of these terms. The mixed higher order terms are
Lifshitz-type invariants as follows:

> Y (@ £2TEHW +ba 2T (m))

a=x,Y,z B=x,y

(16)
and
wa = A fof,I§ 2 (1)
+ Azfmfy 24 (1)
+ Agfofyl yz 2 (1)
+ A4facfy (1)
+ ASfaLfy (1)
+ A&ﬂﬁrwkn
+ Arf fTE(1)
+ Asfy £-I50(1)
+ Ao fy T (D)
+ Elal, TG (F)
+ Bl l, D) (f)
+ Eslal, TD(f)
+ Ealal, T (F)
+ Eslyl F<y>(f)
+ ZelLTY)(F)
+ Zql,1,I )(f)
+ Sl LT (f)
+ Eol, 1T (1), (17)

where coefficients A and = are materials constants. When en-
forced by the external field or near a multicritical point, the an-
tiferromagnetic mode 1 and f can co-exist, these mixed terms
become operational and will allow the formation of modu-
lated states composed of the two different modes. Therefore,
we can call these modulated states “improper textures” as they
are enabled by mixed terms coupling modes of differeent sym-
metry.

Aditionally, there also exist higher order Lifshitz invariants

that are quartic in either 1, f

wi = D0 7 (a SATENE) + Tl THD)

a=z,y,z B=x,y
alfwfyﬂ 2(f)
U2facfy 2T (f)
Osfysz(y)(f)
oaf- T2 (F)
o5lgly F 2) (1)
o6lal, T y>(1)
ol 1. T (1)
+ osl.L,T{D(1). (18)

+ o+ + + + +

Depending on many materials parameters
Qu,yz,bzy,2, A, E,m, 7, and o, these terms describe pos-
sible coupled modulations of coexisting primary symmetry
modes 1, f, which can take place in distinct fashion in all
three spatial directions. In addition the coupling can display
markedly anharmonic effects.

We observe that the Lifshitz-(type)-invariants couple differ-
ent Cartesian components of the order-parameters to differ-
ent spatial directions via the gradient term. Thus, these terms
break isotropy in spin-space. This implies that their micro-
scopic origin is the relativistic spin-orbit interaction. Specif-
ically, a microscopic mechanism to explain these terms is the
antisymmetric pairwise Dzyaloshinskii-Moriya exchange, or
appropriate generalization for magnetic systems with a more
itinerant character of spin-ordering,

A complete Landau-Ginzburg free energy density for a po-
lar metamagnet would collect all these terms

wW=wg +wy+wWp +wWp +wg +w, +wa +wyg (19)

Minimizing this free energy functional maps out all possi-
bilities of metamagnetic modulations around a tricritical point
for the specific antiferromagnetic order parameter in space
group Cmc2,. The corresponding Euler-Lagrange equations
for the variational problem will constitute a system of cou-
pled partial differential equations for the degrees of freedom
described by the fields 1(r), and f(r).

A dedicated theory for a specific material could be dis-
tilled from this most general functional by restricting to a
few crucial terms. For a simple case, which may pertain to
CasRu»O7, it may suffice to consider only one-dimensional
modulations in y-direction and spin-components in the yz-
plane. This is the case sketched in Fig.4b. The most im-
portant terms are then proper Lifshitz invariant F), Fgf,’z))(f )
and the mlxed Lifshitz-invariants a, f2 I‘(y))(l) and (b, 12 +

b, l2) ( ). These inhomogeneous contributions to the free
energy 1mply that the presence of a net magnetization f, in
an applied field along the polar axis favours an instability to-
wards an antiferromagnetic modulation in the yz-plane. But,
the local ferromagnetic modulation is also unstable with re-
spect to modulations through the proper Lifshitz invariants.



Only strong anisotropies can prevent the instability of the
spin-system towards mixed states where ferromagnetic and
antiferromagnetic configurations are simultaneously present
in a spatially modulated fashion. The presence of these dif-
ferent effective couplings then leads to modulations with a
competing character, as different coupling terms co-operate
and frustrate each other. In our observations, this competing
character of the modulation is noticable, as the characteristic
modulation length displays a pronounced temperature depen-
dence. For an ordinary Dzyaloshinskii spiral, this behavior
is unusual and unexpected”, as in that case there is only one
coupling term that rules the frustration of one simple symme-
try mode. Also, the presence of the higher order term could
lead to marked anharmonicities in metamagnetic textures that
are driven by the higher order mixed terms.

For the particular antiferromagnetic order in CagRu;O7, the
mixed Lifshitz-type terms are of higher order and affect the
magnetic spin-structure only in the region of a metamagnetic
co-existence. It is the underlying tricritical point which re-
veals the presence of these terms, Fig.4c. However, appro-
priate symmetry of an antiferromagnetic mode can also allow
mixed Lifshitz type invariants with a bilinear form like,

O (f: 05l — ;0. f). (20)

In the vicinity of the bi-critical point, in the case of a sys-
tem with weak anisotropy, sketched in Fig. 4 d, these terms
drive the existence of metamagnetic textures with modulation
between antiferromagnetic ground-state in spin-flopped con-
figuration and the field-enforced ferromagnetism.
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