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Spin-orbital nature of the high-field magnetic state in the Sr;Ru3;0;,
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We perform a spin-polarized neutron-diffraction study to investigate the nature of the high-field magnetic
state of the trilayered Sr4sRu3;O,9. The analysis indicates that a high field applied within the ab plane leads to
an unbalance of the spin and orbital moments with a spatial profile that is strongly tied to the layers where the
electrons are located in the unit cell. We provide evidence of a layer dependent magnetic anisotropy with the
inner layers having larger spin and orbital magnetic moments than the outer ones and show that such behavior
is robust to temperature variation being persistent above the Curie temperature. By means of an effective model
that includes the coupling between the spin-orbital degrees of freedom at inequivalent Ru sites we ascribe the
origin of the layer anisotropy to the cooperative effects between octahedral distortions, spin orbit, and Coulomb

interactions.
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I. INTRODUCTION

There is consolidated evidence that transition-metal oxides
(TMOs) represent an extremely rich source of new phenomena
and quantum phases of matter with a high potential for the
development of innovative technologies. The competition of
different and complex types of order is typical of TMOs
mainly due to the strong entanglement and the frustrated
localized-itinerant nature of the charge, spin, and orbital
degrees of freedom. Though first thought of as a prerogative
of 3d based TMOs [1,2], this class of phenomena seems
now to be ubiquitous in 4d and 5d systems [3,4] where
octahedral distortions, spin-orbit coupling (SOC), and other
magnetocrystalline effects often cooperate to yield novel
ordered states and proximity to metal-insulator transition, or
even Mott insulating states.

A fascinating example of TMOs is the family of ruthenium
perovskites belonging to the Ruddlesden-Popper (RP) series
A, +1Ru,03,41. The ruthenim based RP represents an aston-
ishing natural success to engineer layered materials that can
change drastically their electronic and magnetic properties as a
function of the number n of RuO, layers within the unit cell [5],
as well as by rare-earth substitution for alcaline-earth ions or by
partial substitution of inequivalent TM ions [6-9]. As a result,
the Sr,,4+1Ru, 03,4 are metallic and tend to be ferromagnetic
(FM) or metamagnetic [10-18], with the exception of the
n = 1 member that is a spin-triplet superconductor [19,20].
In contrast, the isoelectronic Ca,,;Ru,O3,.1 systems tend
to be in proximity to a metal-insulator transition exhibiting
antiferromagnetism and rather rich orbital physics [21-30].
Doping Sr onto the Ca sites leads to insulator-to-metal transi-
tion accompanied by a changeover from antiferromagnetic to
ferromagnetic dominated spin correlations and the occurrence
of static magnetic order over nearly the entire range of (Ca,Sr)
substitution [31]. To confirm the wide complexity of the phase
diagram, novel spin-orbital correlated phenomena [32,33] can
be induced by a tiny partial substitution of inequivalent TM
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ions in the (Sr,Ca)-RP family as observed, for instance, when
Ru ions are replaced by Mn [34-40], Ti [41], Cr [42-47],
Fe [48], or other transition-metal elements.

One of the major characteristics of the RP materials is that
the physical properties can be critically linked to the number
of layers in the unit cell and, hence, to the dimensionality
of the electronic environment. Another common aspect is
that, for RP members with n different from one, there is
a natural emergence of a layer degree of freedom which
can label the states where the electrons are located in the
unit cell. Such an internal degree of freedom, in analogy
with electron spin, can be exploited as a carrier of classical
or quantum information and thus it may be a relevant
ingredient to explore novel electronic device directions, as for
instance already proposed in graphene bilayers [49,50] and
metal dichalcogenide bilayers [51]. In this context, trilayered
perovskites represent a quite unique system with inequivalent
layer components when considering the possible mismatch
of the inner and outer layers in the unit cell (see Fig. 1).
Hence, the fundamental complexity of the RP ruthenates and
the potential interrelation to a layer dependent physics makes
Sr4Ru30 an intriguing representative case in the family of the
triple layered oxides. Sry;Ru30 is an itinerant magnet marked
by a strong anisotropy with coexistence of ferromagnetism
and metamagnetism. Despite several investigations of the
electronic and magnetic properties on this system, there are
still unsolved questions both on the microscopic mechanisms
that lead to the ferro-meta-magnetic state and on the nature of
the resulting phase diagram. There are three key observations
that set the Sr4Ru309 magnetic response [14,52]: (i) a ferro-
magnetic transition occurs at Tcyie ~ 105 K, (ii) a magnetic
enhancement of the susceptibility occurs at T* ~ 60 K and
zero field, and (iii) a metamagnetic transition (i.e., a sharp
rising of the magnetization) occurs at 7 < 7™ and for fields
applied within the ab plane (H ||ab) above ~2 T. A series of
observations contributed to unveil various puzzling features
of the metamagnetic phenomena in SrsRuzO,g. Transport
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FIG. 1. Schematic of the crystal structure of SryRu;0,( showing
the outer and inner RuO layers in the unit cells along the ¢ axis.

properties showed that the metamagnetic transition lines split
as a consequence of a significant spin-orbital coupling [53].
The subtle role of the multiorbital character of the SryRu301g
has been also associated to the occurrence of a double
metamagnetic transition in high-quality crystals [54]. Further-
more, close to the metamagnetic transition magnetic domains
and electronic phase separation can occur [16,55]. Another
important ingredient emerging in the Sr4sRuz;O;y metamag-
netism is provided by the magnetoelastic coupling [56—59]. In
particular, a direct evidence of a strong spin-lattice interaction
has been obtained by means of neutron scattering demonstrat-
ing how significant structural changes occur concomitantly
with the metamagnetic transition [57]. The focus of this
work is on the nature of the high-field magnetic state of
the SrsRu30,9. We employ polarized neutron scattering to
analyze the spin and orbital spatial components of the induced
magnetization density M(r) at high in-plane magnetic fields
above the metamagnetic transition. The analysis indicates that
the order relation between spin and orbital moments and their
amplitudes in the unit cell are strongly tied to the layers where
the electrons are located. We find evidence of a layer dependent
magnetic anisotropy with the inner layers having larger spin
and orbital magnetic moments than the outer ones in the unit
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cell. Remarkably, the inner-outer correspondence is robust
with respect to temperature variations, being persistent even
above Tcyuie in the paramagnetic state, thus indicating that
these features are intrinsic to the high-field magnetic state. In
order to investigate the origin of the layer dependent magnetic
response, we consider an effective model that describes the
coupling between spin and orbital degrees of freedom at
different Ru sites in the unit cell. We show that the spin-orbital
character of the magnetization in the high field can be ascribed
to cooperative effects between octahedral distortions, spin
orbit, and Coulomb interactions. The paper is organized as
follows. In Sec. II, we introduce the experimental setup
and the polarized beam approach. In Sec. III, we present
the experimental results, while Sec. IV is devoted to their
interpretation and discussion via the effective model. In Sec. V,
we provide the concluding remarks.

II. EXPERIMENTAL DETAILS

Single crystals of SryRu3;0;yp were grown in an image
furnace [60]. The samples were cut into small rectangular
slices with an average size of 5x 5 x 0.2 mm?’. Similar
samples were already used in previous studies [57]. A
number of techniques including x-ray diffraction, energy
and wavelength dispersive spectroscopy, as well as neutron
Laue diffraction have been employed to fully characterize
the structure, the quality, and the purity of the crystals.
Magnetization measurements on crystals from the same batch
identified the ferromagnetic transition at T, = 105 K and a
metamagnetic transition at a field of about 2 T when the
temperature is lower than T* = 50 K and the magnetic field is
applied in the ab plane.

Polarized beam measurements were performed on the D3
diffractometer at the Institute Laue Langevin in Grenoble. In
such an experiment one measures the flipping ratio R, defined
as the ratio of the intensities with neutron polarization parallel
and antiparallel to the applied magnetic field. Neglecting
corrections such as extinction, half-wavelength contamination,
and attenuation, the flipping ratio can be written as [61-63]

. |Fn(K) — ($2)2p Fy (K)M 1 (K) + (V—r‘;)ZML(K)zl

2u
| Fy(K) + (£2)2p Fy ()M L (K) + (122)* ML (K)?|
(1)

where yry = 5.36 x 107" m, and Fy(K) and M(K) are the
nuclear structure factor and the Fourier transform of the
magnetization density at the scattering vector K, respectively.
M (K) is the component of M (K) perpendicular to the scat-
tering plane, and p is the incident neutron beam polarization.
We observe that at the lowest order of approximation, for small
magnetic moments, R — 1 is proportional to M (K).

The data were collected with an incident wavelength A =
0.825(5) A and polarization p = 0.95(1) and with a 0.5-mm
erbium filter in order to reduce higher-order contamination in
the incident beam. A Heussler monochromator was used.

The crystal was oriented with the [#A0/00!] plane in
the scattering plane. An external magnetic field of 9 T was
applied in the [240] direction prior to cooling and then kept
all along while a set of Bragg reflections was measured at
2, 65, and 115 K, which allows us to explore the magnetic
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FIG. 2. Temperature dependence of the flipping ratio R, dimin-
ished by one, of a few significant Bragg reflections in SryRu;O0y¢.

configuration within the metamagnetic state, above the meta-
magnetic transition T* and the Curie temperature, respectively.
At each temperature, we measured over 100 Bragg reflections
(corresponding to 37 inequivalent reflections) in the spin-up
and spin-down configurations by exploiting the optimization
technique as described in Ref. [64]. Finally, the software
program Sorgam [65] has been used to determine the magnetic
form factors from the measured flipping ratios R.

III. RESULTS

In this section we present the main outcome of the
polarized neutron-diffraction measurements and the resulting
magnetization profile within the unit cell. Figure 2 shows the
temperature dependence of the shifted flipping ratio R — 1 at
three significant Bragg reflections.

The R — 1 for the (0 0 6) and the (2 2 0) peaks are positive
over the whole range of investigated temperatures. On the other
hand, for reflection (0 0 4), R — 1 undergoes a change of sign
when the temperature is raised above T ~ 60 K.

Assuming that the external magnetic field totally aligns
the magnetic moments along the applied direction [4/0], one
can show that for reflections of the kind 00/, with even [, the
magnetic structure factor M) (K) in Eq. (1) reduces to

M(00/) = 4m, + 16m, cos[ml(z2 + z3)] cos[ml(z2 — z3)].
(2)
Here, z, and z3 are the fractional coordinates along the ¢ axis
of the two unequivalent ruthenia in the external octahedra of
the triple layer.

For | = 6, the two terms contributing to the intensity of
M(K), i.e., the one from the central octahedra m, and the one
from the external ones m,, are in phase and therefore add
up, whichever the value of the two single terms. In contrast,
for [ = 4, the two terms are in antiphase. As a consequence,
for the (0 O 4) reflection R — 1 may change sign, which is
indeed observed close to T ~ 60 K, suggesting a temperature-
dependent transfer of the magnetization from one site to the
other in the unit cell. In the case of the (2 2 0) reflection, all
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FIG. 3. Spin densities projected onto the (a + b,c) plane, at 2 K
(left panel) and 115 K (right panel). Both densities are represented
on the same scale, confirming the higher magnetization at low
temperature. The middle panel shows the projection of the structure
onto the same plane.
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the moments contribute in phase to M(K) and cannot undergo
any cancellation due to interference.

In order to give a quantitative picture of such redistribution of
spectral weight, we have determined the spatial dependence of
the magnetic density below and above the temperature where
R — 1 changes its sign. Figure 3 shows the spatial contour
plot of the spin density within the RuO layers in the unit cell
at two representative temperatures, i.e., 7 =2 and 115 K.
The spin densities were obtained from the measured magnetic
structure factors by maximum entropy reconstruction [66]. At
both temperatures, a set of 37 independent structure factors
was used. Figure 3 reports the projections onto the (a + b,c)
plane, which was perpendicular to the applied magnetic field.
As expected, the main densities are concentrated on the Ru
sites, while weaker densities are observed on the oxygen sites.
A clear unbalance between the Ru sites also appears clearly in
the maps, the densities on the inner Ru ions being higher than
those of the outer Ru sites. We do notice that the unbalance is
slightly more pronounced in the low-temperature regime.

The magnetic moments for the different ions were refined
by means of the program Fullprof [67]. The structural and
extinction parameters, obtained from the data collected at the
D10 diffractometer of the Institute Laue Langevin, Grenoble,
were not varied in the flipping ratio refinement.

For the magnetization density, we have adopted the dipole
approximation with the magnetic form factor being only
dependent on the magnitude of the scattering vector (spherical
distribution):

() 2 op(B) o

Here, (J;(%)) are spherical Bessel functions of order I,
tabulated in the form of approximations inside Fullprof [68],
and W, are the refinable parameters. Since no radial functions
are available for the valence state +4, we have used those of
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TABLE I. Refined magnetic moment at three different tempera-
tures for the ruthenium and oxygen atoms. Ru, 4 refer to the inner
RuO layers, while Ruj, 3 are in the outer ones (see Fig. 1). A magnetic
moment was also allowed on the oxygen ions. Both the total and
orbital components are presented. O, and O, refer to the apical and
basal oxygen sites.

T (K) 2 65 115
M(MB ) Mtot Morb Mtot Murb Mtot Morb
Ru 4 1.52(1) 0.38(8) 1.39(2) 0.320(9) 1.05(2) 0.42(7)
Ru, 3 0.88(1) 0.23(6) 0.74(1) 0.22(6) 0.47(1) 0.11(5)
Oy 0.10(1) 0.08(1) 0.07(5)

0, 0.14(1) 0.13(1) 0.09(1)

x2 8.509 4.725 3.398

the ion Ru™!, which have been already shown to be a good
approximation in analogous observations [69].

In the refinement we retain the first two terms, i.e., the
ones with coefficients Wy, and W, which correspond to the
total and the orbital component of the magnetic moments,
respectively. In 3d transition-metal systems, the strong crystal-
field (CF) interaction dominates over the spin-orbit interaction
and the orbital moment is typically quenched. For the layered
ruthenates with 4d electrons the spin-orbit coupling is expected
to be not negligible and in turn it results in a nontrivial orbital
contribution to the total magnetization.

Due to the large unit cell, the refinement procedure has
been performed by reducing the number of inequivalent ions
contributing to the neutron response. The twelve ruthenium
atoms sit in four different crystallographic sites that we indicate
as Ru;, Rup, Ruz, and Ruy. In order to reduce the free
parameters, we sort them into two types: the ruthenium atoms
in the central octahedra of the unit cell (Ru; and Ruy) and
those in the external octahedra (Ru, and Ruj). As we shall
show below, this is physically plausible and consistent with
the observed response. Indeed, since the Ru; and Ruy have
similar surrounding anions, their magnetic moments can also
be constrained to have the same amplitude, and the same would
hold for the Ru, and Rus.

Furthermore, a magnetic moment was also allowed to occur
at the oxygen ions in the RuOg octahedra. The presence of
unpaired electron density on O, (the basal ligands) and on O,
(the apical ligands) is found to be quite high. Unlike the case
in the compound Ca; 5SrpsRuO4 [70], we observe a sizable
moment not only on the basal oxygens but also on the apical
ones.

Given the number and the multiplicity of the oxygen sites,
we conclude that a significant fraction of magnetization density
in the unit cell is transferred from the ruthenium atoms to the
oxygens. This is not surprising as the large bandwidth of the
Ru-4d orbitals [5,71] close to the Fermi level allows for a
significant overlap with the oxygen 2 p bands that is typically
larger than that in the 3d oxides.

In Table I we present a summary of the magnetic
configurations on the inequivalent Ru and O sites for the
three investigated temperatures. The amplitude of the orbital
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contribution p is significant if compared to the total moment
on both types of Ru sites. More specifically, the contribution
of the inner layer is found to be larger with respect to the outer,
and it is robust to the temperature increase. We observe that,
approximately within the estimated errors, the orbital moments
of the inner Ru ions as well as the oxygen moments do not vary
with temperature. We have tested the statistical fit by imposing
constant values as a function of temperature for both the orbital
ruthenium moments and the oxygen ones. We point out that
the resulting chi square turns out to be slightly greater than
that obtained by keeping all the parameters unconstrained.

As far as the total magnetic density is concerned, we can
state that a significant layer dependent magnetic anisotropy
takes place, which traces back to the unbalance between
the larger central and weaker outer components, both in the
spin and orbital channels. Moreover, the percentage variation
between the two clearly indicates that, by lowering the
temperature, part of the magnetization is transferred from
the ruthenium in the inner octahedra to those in the outer
ones.

IV. EFFECTIVE MODEL AND DISCUSSION

In this section we discuss the microscopic ingredients and
the physical mechanisms which are relevant to understand the
spin and orbital magnetic response of SryRu30;9. Then, we
introduce and solve an effective model to present the specific
magnetic density configuration that can be obtained in the
high-field magnetic state and discuss the connection with the
experimental outcome.

A. Mechanism for inequivalent spin-orbital
response at the Ru sites

As shown in the previous sections, spin-polarized neutron
diffraction provides direct evidence of a sizable orbital
component and a net unbalancing of the total magnetic density,
both in the orbital and spin sector, between Ru ions belonging
to the central and the outer planes of the unit cell.

There are various degrees of freedom to take into account
for analyzing the magnetic response. The first important
microscopic ingredient is provided by the different octahedral
configurations for the surrounding ions of the Ru sites
belonging to the inner and the outer layers of the unit cell.
Indeed, the octahedral distortions can affect in a distinct way
the crystal field potential experienced by the Ru—télg electrons
close to the Fermi level. In the case of tetrahedral distortions
of the RuOg octahedra, an inverted hierarchy of the d,,
and d,. ,, levels occurs depending on the flat or elongated
nature of the deformation and, accordingly, a tendency to a
positive or negative orbital polarization p = n,, — %(nxZ +
n,;) can be obtained (see Fig. 4). Apart from the structural
feature, the breaking of the orbital rotation symmetry due
the CF splitting together with a sizable spin-orbit coupling,
expected to be relevant in 4d systems, are the other basic
elements to be added to properly describe how the variation
of the local spin and orbital moments can set the magnetic
response [72].

Based on these considerations, we propose and analyze a
possible scenario where the magnetic response of each Ru site
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FIG. 4. Schematic representation of the mechanisms which ac-
tivate/suppress the orbital angular momentum components in the
absence of an in-plane applied magnetic field, in the case of a
flat octahedron (upper panel) and an elongated octahedron (lower
panel). Middle panels show representative local configurations that
mark the ground state. Right panels describe the orbital polarized
configurations that are favored or inhibited with respect to the the
crystal-field potential and the Coulomb interaction.

in the inner and outer layers crucially depends on the specific
character of the tetrahedral deformations, i.e., the degree of
flattening/elongation, and its competition with local Coulomb
interaction and spin-orbit coupling.

The mechanism for having an inequivalent magnetic re-
sponse at different Ru sites is illustrated by the sketch in
Fig. 4. The key observation is that the local configurations
at the Ru sites, as shown in the middle panels of Fig. 4,
can have an orbital polarization for which the competition
between the Coulomb interaction and the spin-orbit coupling
in the presence of the crystal-field potential can be significantly
different. We first consider the case of flat octahedra, which
is reported in the upper panels of Fig. 4. In this case the local
configurations at the Ru site, which is representative of the
ground state with four electrons in the , sector (i.e., Ru-4d%),
can have a preferential occupation of the d,, orbital as due to
the CF potential. In the absence of any applied magnetic field,
the in-plane L, , components of the orbital angular momentum
L and the corresponding SOC activated terms (L, Sy + L, Sy)
are mainly inhibited by the CF splitting. On the other hand, the
out-of-plane L, and the related LS, term of the SOC can be
equally hindered by the Coulomb interaction that tends to favor
a fully aligned spin-triplet state. Hence, in the regime where
all these energy scales are of the same order of magnitude and
thus compete, the response to an applied field is expected to
be mainly isotropic, in both the orbital and spin channels.

In the elongated case (lower panel of Fig. 4), the hierarchy
of the #,, orbitals is different and the minority spin prefers to
occupy the d, . sector. While the L, , can be still inhibited
by the CF, the L, and the relative SOC term LS, are now
unaffected by the local Coulomb interaction. The result is that
there is an emergence of a local easy polarization axis both
for the spin and the orbital components, which can lead to an
anisotropic response to an applied field in the case of Ru sites
belonging to elongated octahedra. Then, we are brought to
deduce that the in-plane magnetic moments would be harder
to be polarized at the Ru sites having elongated octahedra since
in this case the applied field is orthogonal to the easy orbital
axis z. On the contrary, there will be a greater susceptibility to
an in-plane magnetic field at the Ru sites with flat octahedra,
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as in this case the magnetic isotropy makes the moments more
easily oriented.

B. Model

In order to quantitatively support the physical scenario
introduced above, we consider a model Hamiltonian with two
inequivalent Ru atoms that includes all the local interactions
of the electrons in the f;, sector and allows for an effective
charge transfer between them.

The inequivalent Ru sites are indicated with Ruy; and
Ru, to label the compressive and the elongated distortions
of the corresponding octahedra. The Hamiltonian H for the
correlated electron in the f,, manifold is expressed as a sum
of different contributions:

H = Hiin + Helet + Her + Hso + H,y . 4)

The first term in Eq. (4) is the kinetic contribution between the
f, orbitals on different Ru sites, He. is the local Coulomb
interaction expressed in term of the couplings U and Jy, Hcp
stands for the crystalline-field potential via the parameter A,
Hgo indicates the spin-orbit term through the coupling X, and
H,., describes the in-plane applied Zeeman field B (see the
Appendix for details).

The complete Hamiltonian embodies five interaction pa-
rameters. We follow local-density approximation predic-
tions [5] and assign, in the calculations, the values t = 0.4 eV
and Ag/t = —0.3,A,/t = 0.225 to the CF parameters of
the central-flat and outer-elongated octahedra, respectively. In
the second instance, we will also vary the CF parameters,
in order to simulate possible magnetoelastic effects driven
by the applied field. Concerning the Coulomb interactions,
we consider the ratio U/Jy = 5.0 and analyze the regime of
intermediate electronic correlations set by U/t = 5.0 [73].
We also include the SOC term the amplitude of which is
A/t = 0.14, in the range of values that is expected to hold
for Sr-based ruthenates [74]. It is worth pointing out that the
interplay of the Coulomb and spin-orbit interactions has an
important role in determining the magnetic responses. Indeed,
a choice of a different regime of amplitudes for U and A would
significantly modify the local configurations contributing to
the ground state and in turn alter the resulting spin and orbital
response.

C. Ground-state properties: Zeeman field response
and role of distortions

In this subsection, we analyze the ground-state properties
by solving the model Hamiltonian in Eq. (4) by exact
diagonalization in a physical regime that is relevant for the
Sr4Ru30;¢ compound.

In Figs. 5(al) and 5(a2) we present the field dependence
of the local in-plane orbital m; and spin mg components of
the total magnetic density at the flat and elongated Ru sites,
upon the application of an in-plane Zeeman field. As one can
notice, the magnetic response is dominated by configurations
where the spin moment is larger than the orbital one (in
absolute value) and the spin-orbital moments at the flat Ru
sites overcome those associated with the elongated octahedra.
The evolution of the magnetic moments is marked by two
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FIG. 5. Evolution of the orbital (al and bl) and spin (a2 and
b2) components of the magnetic density upon an in-plane applied
Zeeman field, for two different values of the compressive crystal-field
potential, i.e., (a) Ay/t = —0.3 and (b) Ay;/t = —0.45.

different regimes. In the low-field region B/t < 0.03,m,
and mg have opposite signs, while they are parallel oriented
above this threshold. This behavior is expected due to the
spin-orbit coupling that tends to form a local J = 0 singlet
with J = L + S and thus contributes to have the spin and
the orbital angular moments in an antialigned orientation
within the ground state. The spin magnetic moment mg
grows linearly with the field and promptly exhibits a larger
contribution of Ruy;. These features are easily reconciled
within the scheme depicted in Fig. 4. Indeed, for elongated
octahedra, the existence of the easy orbital axis z makes the
spin-orbital response at low fields quite stiff. In contrast, in
the flat case, there is no privileged quantization axis and
both the in-plane spin and angular magnetic moments have
a comparable response to the applied field. We point out that,
in this window of parameters, the spin and orbital moment are
not fully polarized as expected when the field is much smaller
than the other involved energy scales. The amplitude of the
spin magnetic moment reaches the value 1pp while for the
orbital part one gets 0.4 and 0.3, respectively.

Next, we consider the possibility to tune the CF strength
to mimic an effective magnetoelastic coupling or a physical
situation where a structural change occurs with the application
of a magnetic field.

In the regime of high magnetic fields, there are no
available ab initio data or complete information on the
unit-cell atomic positions, and thus the theoretical estimates
of the CF parameters are lacking. We also notice that it
is not possible to extract any indirect estimate of the CF
parameters from the performed neutron measurements, since
they were collected in an experimental configuration which
was optimized to study the magnetic structure and not aimed
at determining the nuclear structure. Hence, we referred to
recent neutron-scattering experiments [57], demonstrating that
a significant shrinking of the unit cell along the ¢ axis
occurs concomitantly with the metamagnetic transition. On
the basis of this experimental observation, we infer that the
reduction of the c-axis parameter should naturally lead to an
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overall compression of the apical Ru-O distances. Due to the
symmetry between the two Ru sites forming the cluster under
examination, the variation of the Ru-O apical bond length
can be simulated by an increased CF potential for the Ru
site of the flat octahedral only, without loss of generality.
Hence, we have selected the regime in which the crystal-field
potential for the Ru site of the flat octahedra increases. In
Figs. 5(bl) and 5(b2) we report the evolution of the orbital
and spin contributions to the magnetic density in the case of a
more pronounced compressive potential, i.e., A s/t = —0.45,
while A is kept unchanged. The increased value of A/t
modifies the behavior of the response both at low and high
fields. In particular, the orbital moment shows a reduction
of both the flat and elongated components, with a major
percentage reduction of the former which indeed is hindered
by the crystal-field potential (see Fig. 4). In contrast, the slope
of the spin curve for flat octahedra shows an appreciable
upturn, which is indicative of a stronger spin susceptibility.
Interestingly, at high fields there is an increase of the spin
unbalance between the magnetic moments at the two Ru sites
indicating that the relation between the spin response and the
octahedral deformation can be highly nontrivial particularly
concerning the amplitude of the effects. Furthermore, the
specific relation between spin and orbital moments at the two
inequivalent Ru sites is strongly dependent on the strength of
the spin-orbit and Coulomb interactions. A decrease of these
interactions will affect both qualitatively and quantitatively the
response to an applied field.

D. Temperature dependence of the spin
and orbital magnetic moments

To conclude this section, we present the thermal evolution
of the spin and orbital densities as a function of the microscopic
parameters involved in the model, by mainly focusing on the
regime of moderate-to-strong Coulomb correlations, interme-
diate spin-orbit coupling, and high magnetic fields, where the
theoretical outcomes at 7' = 0 exhibit the best agreement with
the low-temperature experiments. The comparison is made
both on the absolute amplitude of the spin-orbital moments
and the degree of unbalancing between the flat and elongated
layers. The study performed at finite temperature strengthens
and, at the same time, enriches the scenario we propose by
revealing interesting features of the layer dependent magnetic
anisotropy. One of the main findings is that this effect is stable
over a wide range of temperatures. On a general ground the
spin and orbital densities exhibit a small amplitude change
by raising the temperature. Nevertheless, we underline a
distinct response of the spin and orbital component in the
high-temperature regime. Concerning the spin density, the
response is generally not much affected both in the flat and
elongated cases, though, in a wide range of parameters, it
tends to exhibit a maximum and then it gradually decreases,
as expected, due to thermal fluctuations. The specific spin
response is strongly related to the competing ferro- and
antiferromagnetic correlations in the ground state of the
small cluster and somehow overestimates the strength of the
short-range correlations with a resulting smooth increase at
small temperatures. In contrast, the orbital moment appears
to be promptly reduced in both channels. Furthermore, the
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FIG. 6. Thermal evolution of the (a) spin and (b) orbital com-
ponents of the magnetic density for an in-plane applied Zeeman
field B/t = 0.1, spin-orbit coupling A/t = 0.3, and values of the
crystal-field potential given by A/t = —0.45 and A/t = 0.225.

degree of the anisotropy for the flat and elongated channels
stays almost constant upon temperature. Another interesting
aspect emerging in the complete scan of the phase space is
that, depending on the regime set by the spin-orbit coupling,
one can find that the order relation among the total magnetic
densities of the two layers is not preserved when thermally
ramping up from low to high temperatures (e.g., above room
temperature). Indeed, in the moderate-to-strong spin-orbit
regime (i.e., A/t > A, =~ 0.3), we have verified the existence
of a characteristic temperature T, above which the moments
at the elongated Ru sites carry the larger contribution within
the unit cell. We have also analyzed the dependence of T
upon the microscopic parameters and found that the value of
T turns out to be independent of the applied field B, while it
is strongly varying with the Coulomb repulsion U and the
spin-orbit coupling. In this respect, we point out that this
result adds another constraint to the regime of microscopic
interactions that can optimally capture the spin-orbital nature
of the high-field magnetic state in the three-layered ruthenate
perovskite as described within the proposed model.

As a representative case of the thermal dependence of the
magnetic anisotropy we report in Fig. 6 the high-field (i.e.,
B/t = 0.1) evolution of the spin and orbital components for
an optimal set of parameters, i.e., Ay /t = —0.45,Aq/t =

PHYSICAL REVIEW B 93, 115128 (2016)

0.225,1/t = 0.3, and keeping the Coulomb interactions un-
changed with respect to the zero-temperature results of Fig. 5,
ie.,U/Jg = 5.0and U/t = 5.0. The spin and orbital densities
have a small amplitude change (about 10%) by raising the
temperatureupto 7/t ~ 0.025, which covers the experimental
range of investigated temperatures (i.e., for t ~ 400 meV, T is
of the order of 110 K). Such a variation is compatible with the
experimental observations and confirms the robustness of the
anisotropy with respect to the temperature fluctuations.

V. CONCLUSIONS

In conclusion, by means of polarized neutron-scattering
diffraction we have determined the spin and orbital character
of the high-field magnetic state of Sr4Ru3;01. Interestingly,
the spin-orbital moment distribution in the high-field state
is not much affected by temperature, thus indicating that its
origin should not be critically related with the ferromagnetic
and the metamagnetic phenomena in Sr4Ru3zO;9. We show
that the layer degree of freedom can play a role in the
magnetic response of the system with a layer dependent
magnetic anisotropy marked by the inner layers exhibiting spin
and orbital magnetic moments that are larger than the outer
ones. We discuss the origin of this layer dependent magnetic
anisotropy in terms of inequivalent distorted octahedra, spin-
orbit coupling, and local Coulomb correlations. The analysis
indicates that local structural changes of the octahedra and
spin-orbit cannot account by themselves for the hierarchy
between spin and orbital magnetic moments at the inner and
outer layers of the unit cell. It is only the cooperative effect
between the spin-orbit coupling, the crystal-field potential, and
the Coulomb coupling which leads to the unbalance between
the spin and orbital moments in the magnetic response at the
inequivalent Ru sites. In light of the performed analysis, we
argue that the high-field magnetic state for an applied field
along the ¢ axis might exhibit an analogous layer dependent
magnetic distribution but with an opposite trend between the
inner and the outer layers. Such investigation might provide
more insight into the fundamental mechanisms that control the
ferromagnetic and the metamagnetic behavior in SryRu30y.
Due to the general ingredients of the discussed mechanism,
one can also suggest that similar effects can be observed in
other systems where inequivalent local orbital polarizations in
the presence of competing spin orbit and Coulomb interaction
can lead to distinct spin-orbital responses.
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APPENDIX

The model Hamiltonian used for the theoretical analysis
reads

Hn = —1 Y _(d},,djao +H.c),

ij,o

(AD)
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djw being the creation operator for an electron with spin o at
the i site in the o orbital. The hopping amplitude in Hy, is
assumed to be ¢ for the orbitals in the f,, manifold. The second

term is the local Coulomb interaction between 1, electrons:

, )
Hye=U ZniaTHiw —2Jy Zsia -Sig + (U — TH)

io iaf
/ i T
X Z NigNig +J ZdiaTdilaidiﬁTdiﬁ¢ (A2)
ia#p ioaf

where njy,,Si, are the on-site charge for spin o and the
spin operators for the « orbital, respectively. U (U’) is the
intraorbital (interorbital) Coulomb repulsion, Jy is the Hund
coupling, and J' is the pair hopping term. Due to the invariance
for rotations in the orbital space, the following relations hold:
U=U'"+2Jy,J = Jnu.

The Hcr part of the Hamiltonian H is the crystalline-field
potential, controlling the symmetry lowering from the cubic
to tetragonal one:

Hcg = IZ A; |:nixy - %(nixz + niyz)i|~ (A3)

Positive (negative) values of A are related to elongated
(flat) RuOg octahedron along the ¢ axis and favor the

PHYSICAL REVIEW B 93, 115128 (2016)

occupation in the d,; . (dxy) sector, respectively. For the
present investigation, we consider A; = Ay to be positive
while A, = A, is negative.

Since we deal with 4d oxides, it is also important to include
the spin-orbit coupling

Hso =2 Li-S;

l

(A4)

where A is the spin-orbit coupling constant, L; is the total
orbital momentum, and §; is the total spin of the #,, states.

Finally, H, , in Eq. (4) describes the Zeeman coupling of
the local angular momenta to a magnetic field B applied in
the ab plane along the x,y symmetry directions, expressed in
units of the Bohr magneton:

Hey=» (Li+2S) B,,. (AS)

Within the presented analysis, we have neglected the in-plane
anisotropy and thus x and y directions are assumed to be
equivalent. Such a minimal model contains all the relevant
couplings between the local spin and orbital degrees through
the spin orbit and the Coulomb interaction as well as the
possibility for having charge fluctuations in the #,, via the
kinetic term that links the two atoms.
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