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Abstract

Polar metals exist as a rather unique class of materials as they combine two seemingly mutually
exclusive properties (polar order and metallicity) in one system. So far only a few polar metals
have been unambiguously identified; the magnetic ones are exceptionally rare. Here we
investigate a 5% Fe doped polar metal Ca;Ru207, via electrical transport, magnetization,
microstrain and optical second harmonic generation measurements. We report the full magnetic
phase diagrams (in the field-temperature space) for magnetic field H//a and H//b, which exhibit
distinct field-dependent magnetizations behavior. In particular for H//a we found a new
ferromagnetic incommensurate spin structure, which is absent in the pure Ca;Ru,07. We
propose a microscopic spin model to understand this behavior, highlighting the role of Fe doping

in tipping the delicate balance of the underlying exchange interaction energy in this system.



The coexistence of magnetic and polar orders can give rise to coupled properties such as
the magnetoelectric effect and multiferroicity, which could permit the mutual control of magnetism
and polarization. In the past two decades much effort has been applied in designing new
multiferroic materials, understanding their fundamental mechanism, and improving their
magnetoelectric performance [1-12]. Khomskii [13] classifies these materials into two groups:
type-I multiferroics, whose polar order and magnetism have different origins, and type-II
multiferroics, for which the inversion symmetry breaking is driven by the magnetic order (this is
also referred to as spin-driven ferroelectricity). The establishment of the magnetic phase diagram
(in the field—temperature space) is an essential step towards an understanding of a new multiferroic
material and its likely magnetoelectric performance. Magnetic phase diagrams have been
established for many multiferroic materials, including the orthorhombic RMnO; (R = Gd, Tb, and
Dy) [14], hexagonal RMnOs (R = Er, Yb, Tm, and Ho) [15], the mixed-crystal system Tb;.
xGd:MnO3 [16], Ni3V20g [17, 18], MnWO4 [19-21], CoCr204 [22], LuFe,04 [23], representative
metal-organic multiferroic materials [(CH3)NH>]Mn(HCOO)3 [24] and [CH3NH3]Co(HCOO);
[25], RMn20s (R = Ho, Er, Dy) [26-28], Ni3TeOs¢ [29], LuuMnCoOs [30], KCu3As207(OD); [31]
and CuCrO; [32].

Conventional multiferroics are electrical insulators. However, magnetic and polar orders
can also coexist in one metallic system, resulting in a magnetic polar metal. In the literature, polar
metals sometimes are also called “ferroelectric” metals [33] if the polar order is switchable, in
analogy to ferroelectric materials. Although only a few exist, polar metals have recently seen a
renaissance in interest after the identifications of the designing rules [34, 35] and the interesting
properties that they may host [36-42]. LiOsOs3 [43, 44], TaAs [37, 39, 40] and CazRu,O7 [42, 45-

49] are three representative polar metals that have garnered recent interest. Of these three, TaAs



is not magnetic, and LiOsO3 does not show any evidence of magnetic order [43]; by contrast,
CaszRu,0O7 possesses a range of magnetically ordered phases [46, 47], that depend sensitively on
temperature, applied magnetic field and field orientations. In this sense, Ca3Ru0O7 and its
derivative compounds provide a unique platform for the study of the possible interplay between
the polar order and magnetic order.

In the current study, the 5% Fe-doped Ca3RuxO7 (Caz(Ruo.9sFeo.05)207) is the polar metal
of focus, as it was previously determined to possess an interesting incommensurate magnetic order,
similar to that of many of the spin-driven multiferroic materials, such as TbMnOs3 [7]. As a first
step towards decoding the possible interplay of magnetic and polar orders, we perform a
comprehensive phase-transition study on this material using several complementary experimental
tools including electrical resistivity, nonlinear optical-second-harmonic generation (SHG) [50,
51], microstrain via the Fiber-Bragg-Grating (FBG) method [52-54], and magnetometry. Here, we
report measurements in DC and pulsed magnetic fields up to 25 T that fully establish the magnetic
phase diagrams for field H//a and field H//b. Following this, a comparison of Caz(Ruo.osFeo.05)207
with its parent system Ca3RuyO7 suggests a significant modification of the low-temperature
magnetic phases. Particularly for field H//a, we find the appearance of a new ferromagnetic
incommensurate spin structure and a new canted AFM-b (CAFM-b) phase in the magnetic phase
diagram of Cas(Ruo.9s5Feo.05)207 that is not present in the pure CazRu,O5. This study emphasizes
the role of relatively slight Fe doping (5%) in modifying magnetic interactions and eventually
leading to the appearance of a new phase.

CazRuy07 is a double-layered Ruddlesden-Popper material. Our 5% Fe-doped single-
crystal samples were grown by the floating-zone method using a commercial infrared image

furnace (Cannon Machinery SC2-MDH). For details of the single-crystal growth, see Ref. [55].



Recent neutron diffraction measurements suggest that Caz(Ruo.9sFeo.05)207 retains the same space
group (Bb21m) as the parent compound Ca3;Ru207, from room temperature to the lowest measured
temperature [56, 57]. The crystal structure is illustrated in Fig. 1(a). We have examined the zero-
field phase transitions by monitoring the temperature dependent resistivity [Fig. 1(b)] using a
Quantum Design PPMS and the thermal expansion [Fig. 1(b) inset] using a FBG device. In a
similar manner to CazRu207, two low-temperature transitions are observed: one at 7n = 86 K,
corresponding to the Néel temperature, and the other at 7s = 40 K corresponding to a structural
transition.

Since Cas(Ruo.osFeo.05)207 is in a polar space group (Bb21m, polar axis along b [58]), we
also investigated its nonlinear optical response across these two transitions. Figure 1(c) shows the
temperature dependence of the SHG coefficient d3;. Although Cas(RugosFeo.05)207 shows an
increased nonlinear response in d32 upon cooling, similar to that in CazRu20O7, the amplitude of
increase is appreciably moderated in Ca3(RuoosFeo.05).07. Moreover, no distinct feature is
observed at Tg = 40 K in Ca3z(Ruo.9s5Feo.05)207, as compared to the step-wise increase of ds> at the
structural transition temperature of Tg¢ = 48 K in the parent compound [Fig. 1(c)]. Such a
dramatically different nonlinear optical response implies a modified electronic ground state below
Ts after introducing Fe-doping into the CazRuxO7 system. This observation is consistent with a
recent systematic heat-capacity study on CazRuxO7 and its doping-derivative compounds [59],
where Peng et al. found a significantly enhanced Sommerfeld coefficient y in Caz(Ruo.95Fe€0.05)207,
attributing it to the formation of a new /ocalized state that allows for the existence of a nonzero
density of states (DOS) at the Fermi energy er. Since the electronic state is spatially localized, an
insulating/semiconducting temperature dependence is observed in the resistivity. This localized

state is thought to originate from local potential fluctuations and spin-dependent fluctuations due



to the Fe doping. Considering the delicate balance between antiferromagnetic and ferromagnetic
interactions in the CazRuxO7 system [56], the slight Fe-doping is likely to tip the balance of
magnetic interactions and eventually introduce new magnetic phases, as we will show below. In
Figs. 1(d) and (e), we also show the room temperature and low temperature SHG polarimetry [50,
60]. Symmetry analysis confirms that the polar point group of mm?2 is retained regardless of the

two observed transitions.
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FIG. 1. Magnetic structures of Casz(Ruo.9sFeo.05)207 and its temperature-dependent resistivity and
nonlinear optical properties. (a) Illustrations of four different magnetic structures: AFM-a, AFM-
b, CAFM-a and CAFM-b, in Caz(RuoosFe05)207. Note: in the AFM-a (AFM-b) phase, the
ferromagnetic perovskite bilayers stack antiferromagnetically along c-axis with easy axis along a
(b). In CAFM-a (CAFM-b) phase, the magnetic moment is canted so that it forms a weak
ferromagnetism along b-axis (a-axis). The fractional number n denotes the layering coordinate of
the RuO plane in one structural unit cell. The dashed line M represents a mirror symmetry. (b)



Temperature dependent in-plane resistivity (pas) of Cas(Ruo.osFeo.05)207. Two phase transitions at
Ts =40 K and 7~ = 86 K are revealed. Inset shows the normalized thermal expansion and lattice
parameter change, Aa/a(12 K), as a function of temperature. The blue data points are from neutron
diffraction measurement, while the red data points are from FBG measurements. ppm is parts per
million. (c) Temperature dependent SHG coefficient d32 in Caz(Ruo.9s5Fe0.05)207 compared with
that in pure CazRu207. Note: The SHG coefficient d32 in these two materials is normalized to the
respective value at 300 K for comparison. (d) and (¢) SHG polarimetry on a (001)-cleaved
Ca3(Ruo.osFeo.05)207 at 300 K and 26 K, respectively. @ is the polarization angle of the incident
laser beam. The theoretical fits were performed in a mm2 point group symmetry at both
temperatures



The DC magnetization measurements were performed on Caz(Ruo.osFeo0s)207in a 7 T
commercial SQUID magnetometer (Quantum Design) to understand its magnetic structure and
phase transitions. Figure 2 shows the results for H//a and H//b. The field-cooling (FC) and zero-
field-cooling (ZFC) curves indicate a ferromagnetic (FM) feature below Ts along the a-axis [Fig.
2(a)]. The existence of a FM component of the magnetization is also supported by the isothermal
field-dependent magnetization measurements [Fig. 2(b)]. Comparing the M(H)-loops measured
for H//a and H//b, the nonzero remanent magnetizations are observed only for H//a. These
observations suggest that Ca3(Ruo.osFeo.05)207 has a different magnetic order compared to the
antiferromagnetic (AFM) ground state of the pure CazRuxO7 (Figs. S1-S3 in Supplementary
Material [61], also see the reported magnetic phase diagram of CazRuxO7 in Refs. [46, 47]).
Independently, neutron diffraction measurements on Cas(RuoosFeo0s5)207 have revealed the
emergence of incommensurate (IC) magnetic order below 7s under ZFC [56, 57]. Our

magnetization measurements thus provide a complementary picture of the new magnetic order.
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FIG. 2. DC magnetization measurements on Cas(Ruo.9sFeo.05)207. (a) DC magnetization along a-
axis under field-cooling (FC) and zero-field-cooling (ZFC) conditions with an applied field of
0.005 T. For the FC, condition a DC magnetic field of 5 T is applied while cooling from room
temperature. (b) and (c) Isothermal field-dependent magnetization curves M(H) for H//a and H//b,
respectively.



In order to establish the full magnetic phase diagrams, we have performed a high-field
magnetization study using an extraction magnetometer [24] at the NHMFL’s pulsed field facility
at Los Alamos National Laboratory, for fields along the in-plane a- and b-axes at various
temperatures ranging from 0.36 K to 90 K. The magnetization data are shown as color contour
maps in Figs. 3(a), (b) for H//a and Figs. 3(c), (d) for H//b. For better visualization of the magnetic
phase-transition boundaries, we also calculated the differential magnetic susceptibility, y =
dM/dH. Figures 3(e-h) depict the contour maps of logarithmic differential susceptibility in the H-
T space. The magnetic phase diagrams shown in Figs. 4(a) and (b) are established using the
magnetization and differential susceptibility maps (See Fig. S4 in Supplementary Material [61] for
magnetization and differential susceptibility maps overlaid with the extracted phase-transition
boundaries for the derivation of the proposed magnetic phase diagrams). Note that a coexistence
of IC and AFM-b (IC+AFM-b) phases below T7s was suggested from neutron-diffraction
measurements (under ZFC condition) on Ca3z(Ruo.9sFeo.05)207 [56, 57]. Here we follow the same
notation for the low-field state below 7s. Additionally, the magnetic transition features for both
the increasing field (H1) and decreasing field (H]) are shown in Fig. 3. Comparing the phase
boundaries in the differential magnetic susceptibility maps for up-sweeps and down-sweeps of the
field, a slight hysteresis is observed. Other than that, these increasing and decreasing field data
reflect the same phase transition physics. For brevity in discussion, the magnetic phase diagrams
illustrated in Figs. 4(a) and (b) are considered only for decreasing field (H|) measurements. This

does not affect any of the following conclusions.
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FIG. 3. Contour maps of magnetization (a-d) and logarithmic differential susceptibility (e-f) of
Caz(Ruo.9sFeo.05)207. Note that the magnetization maps in (a) and (c) are measured from the
increasing field sweeps, while those in (b) and (d) are from the decreasing field sweeps. The
contour maps of the logarithmic differential susceptibility in (e-h) are derived from the
magnetization maps in (a-d). The results shown in (a,b,e,f) are measured with H//a, while the
results in (c,d,g,h) are measured with H//b. The crystallographic polar axis is along b. The field-
induced spin-flop-like phase transitions are observed for both H//a and H//b, as reflected by large
differential susceptibility (redish color in (e-g)). Nevertheless, the differential susceptibility maps
show clearly different magnetic transition behaviors for H//a and H//b. Based on the information
provided by the maps of magnetization and differential susceptibility, the magnetic phase
boundaries are extracted for the further illustration of the magnetic phase diagrams, as shown in
Fig. 4.
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FIG. 4. Magnetic phase diagrams and M(H)-loops in Caz(Ruo.9sFeo.05)207. (a) and (b) Illustrations
of the magnetic phase diagrams inferred from the differential susceptibility and magnetization
maps. The coordinates of circle and diamond symbols are extracted from the differential
susceptibility and magnetization maps, respectively. The phase transition boundaries at low field
of 100 Oe (square symbols) are determined from the temperature dependent DC magnetization
and resistivity measurements. Note that the magnetic phase-transition boundaries between AFM-
a and IC+AFM-b are not as precise as other boundaries, because the measurements of M(H) at a
constant temperature is not sensitive to the nearly vertical boundaries in the magnetic phase
diagram in (a) and (b). Particularly, the phases may or may not meet at a quadruple point, and
resolving it was beyond our current experimental methods. (¢) M(H)-loops at various temperatures
from pulsed magnetic field measurement along a-axis. Inset top-left shows a zoom-in view of
opened M(H)-loops. Inset bottom-right shows the temperature dependent remanent magnetization
after a pulse field application of +10 T. (d) A comparison of M(H)-loops for H//a and H//b at 5 K.
The blue half-cycle M(H)-loop was obtained immediately after the red full-cycle M(H)-loop. Note:
the high-field induced “ferromagnetic” state is denoted as paramagnetic (PM), as that in Refs.
[46],[62]. IC+AFM-b stands for the phase coexistence of IC and AFM-b, as discussed in the main
text.



Our results from pulsed-magnetic-field measurements are consistent with those from the
DC magnetometer measurements: nonzero remanent magnetization is observed in the IC+AFM-b
state for H//a [Fig. 4(c)] but not for H//b [Fig. 4(d)]. Additionally, the temperature-dependent
remanent magnetization along the a-axis after applying a pulsed magnetic field of +10 T shows an
upturn below ~40 K [inset bottom-right in Fig. 4(c)], which is also consistent with the field-cooled
DC magnetization results shown in Fig. 2(a). From our magnetization measurements, field-
induced spin-flop-like phase transitions are clear for both H//a and H//b. Zhu et al. [57, 63]
reported the first-order incommensurate-to-commensurate (IC-to-C) magnetic transitions for field
along both a- and b- axes using neutron-diffraction measurements. These transitions should
correspond to the illustrated transitions of IC+AFM-b to CAFM-b or CAFM-a in Figs. 4(a) and
(b), depending on the applied field-orientation. The neutron-diffraction measurements, however,
implied that the system either remains the CAFM-b phase from the higher-field state after H//a is
removed, or transforms into a different IC state with smaller incommensurability after H//b is
removed [57, 63]. Our current complete magnetic phase diagrams suggest that such implication is
not fully correct. When H//a, clear magnetic phase transitions at = 2.5 T can be observed for both
increasing and decreasing field sweeps. Therefore, the observed remanent magnetization for H//a
should not be attributed to the persistent high-field CAFM-b phase. In order to reconcile our results
with the neutron diffraction measurements, we propose a microscopic spin model to understand
the observed ferromagnetic component when the field is removed along the a-axis. Since the
measured FM component appears in the IC+AFM-b state, in sharp contrast to the pure AFM-b
ground state in Ca3Ru;O7, we infer that the observed nonzero magnetic moment in

Casz(Ruo.95Fe0.05)207 should be related to the unique IC phase, rather than AFM-b phase.
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FIG. 5. Illustrations of two nearly degenerate IC magnetic structures. (a) and (b) In-plane views of
the AFM-IC and FM-IC structures, respectively. Only the perovskite layers numbered 1/4 and 2/4
are shown. To a first order approximation, one period of the AFM-IC structure is composed of two
anti-parallel AFM domains (AFM-b) and two magnetic solitons (AFM solitons) with the same
chirality, while one period of the FM-IC structure is composed of two anti-parallel AFM domains
(AFM-b) and two magnetic solitons (FM solitons) with opposite chirality. The AFM-IC has zero
net magnetic moment, while FM-IC allows for the existence of a nonzero magnetic moment along
a-axis. Note that the period of the illustrated IC structures is not to scale. The neutron-diffraction
determined AFM-IC structure, for example, has a large periodicity of ~58 unit cells or ~315 A
along a-axis [56, 57]. (c) and (d) DM interaction analysis for the AFM soliton and FM soliton,
respectively. yap and -yap represent the positive and negative DM energy terms, respectively.



We next discuss the possible mechanism for observed nonzero magnetic moment in the IC
phase at low temperatures. Figure 5(a) illustrates the IC spin structure determined by neutron
diffraction measurements under ZFC conditions [56, 57]. The spins are parallel to each perovskite
bilayer and antiparallel across each bilayer. Since there is a mirror symmetry within each bilayer
(the same mirror symmetry was also shown in Fig. 1(a)), we only need to consider the spin
configurations in half of the original unit cell. Figure 5 shows the in-plane view of the spin
configurations in perovskite layers numbered 1/4 and 2/4. Based on the results from prior neutron-
diffraction measurements, the IC structure resulting from ZFC conditions is accompanied by the
formation of magnetic solitons that persist at low temperatures [56]. Therefore, the IC magnetic
order within each perovskite layer is considered to form a distorted cycloidal spin structure [Fig.
5(a)]. To a first-order approximation, one period of such a distorted cycloid structure is divided
into two anti-parallel AFM domains (AFM-b) and two magnetic solitons (AFM solitons) with the
same chirality. For this spin structure, the net magnetic moment along either a- or b-axes is zero,
consistent with the ZFC measurement (Fig. 2). We denote this magnetic state as AFM-IC in Fig.
5(a). Interestingly, our magnetization measurements also suggest the possible existence of a
nearly-degenerate spin configuration [Fig. 5(b)]. In this magnetic structure, one of the two
neighboring magnetic solitons in each perovskite layer reverses its chirality, resulting in a net
nonzero magnetic moment along a-axis, but not along the b-axis, in accordance with the FC
measurement (Fig. 2). We denote this state as FM-IC in Fig. 5(b).

The delicate energetic competition between the two spin configurations mentioned above
can be deduced using a microscopic spin model. The Hamiltonian for a material with a single easy

axis, as CazRu207, can be written as [10]:

H= Zij]ijgi §1 + 2 Bij - (S; % §j) + X K; (sin 6;)>. (1)



The first term represents isotropic exchange interactions. The second term denotes antisymmetric

Dzyaloshinskii-Moriya (DM) interaction [64, 65], which is principally allowed in both CazRu,O7
and Caz(Ruo.95Fe0.05)207 due to their noncentrosymmetric structures, where the DM vector Bi =
AX X 7y;, A is the spin-orbit coupling constant, X is oxygen transverse shift in the Ru-O-Ru chain,

and 7;; represents the unit vector from spins §; to §;. The third term represents the single ion

anisotropy (SIA) where K is the anisotropy constant and 8 is the angle between the local spin
moment and the easy axis (b-axis below T5s).

Consider the DM interaction term. As illustrated in Fig. 5(c) and (d), the DM interactions
alternate in signs along the a-axis due to the orthorhombic distortion, which is similar to the ab-
plane DM interactions in the ab-cycloid phase of Gdo.7Tbo3sMnO; [66]. By reversing the chirality,
the local DM interactions reverse their signs. However, with the alternating sign changes in the
whole plane, there is no net DM energy gained or lost. Therefore, the DM interactions does not
favor any of the two aforementioned magnetic structures. In the same way, the energy contribution
from the SIA is the same for both spin configurations.

Next, we consider the exchange interaction term. As mentioned above, the key difference
between the AFM-IC and FM-IC spin configurations is the reversed chirality in one of the two
neighboring solitons within each perovskite bilayer [Fig. 5(a) and (b)]. Therefore, while the intra-
bilayer nearest exchange interactions remain the same within each soliton structure, as the relative
spin tilting angle remains the same [Figs. 5(c) and (d)], the inter-bilayer interactions change in
response to the different inter-bilayer spin configurations [Figs. 5(c) and (d)]. In the Ruddlesden-
Popper CazRux07 the inter-bilayer coupling is weak due to the presence of double rock-salt CaO
layers [67, 68]. A similar inter-bilayer coupling is expected in 5% Fe-doped CazRu,O7 because Fe

doping only has a marginal effect on the crystal structure of pristine Ca;Rux07 [69]. For these



reasons, in 5% Fe-doped Ca;Ru07 the two described AFM-IC and FM-IC magnetic structures

[Fig. 5(a) and (b)] are expected to be nearly degenerate under zero-field condition.

When an external magnetic field is applied, the Zeeman energy (§ - B, where B is the local
induction experienced by each individual local magnetic moment) must be added to the
Hamiltonian (Eq. (1)). Thus, it becomes clear that when the applied magnetic field is along a-axis,
the FM-IC configuration is favored over the AFM-IC one because the presence of a nonzero
magnetic moment along the a-axis. When the magnetic field is removed, the FM-IC order survives
as a metastable phase. This necessarily leads to an irreversible behavior on the field-induced
magnetic order, as that observed from neutron diffraction measurements [57, 63]. The field-
induced irreversibility is also seen in the resistivity for H//a as shown in Fig. S5 in the
Supplementary Material [61]. Based on this mechanism, no net magnetic moment can be induced
for field H//b, although a modulation effect of the original IC structure is observed [57]. Overall,
this microscopic picture suggests the existence of multiple magnetic states that are nearly

degenerate in energy in Cas(Ruo.95F€0.05)207.
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Fig. 6. Schematic illustration of the local magnetic structure around Fe*" LS (a), Fe** HS (b), and
Fe** (¢) with Ru on nearest neighbor sites. (d) Synchrotron x-ray absorption spectroscopy of 5%
Fe-doped CaszRu,0O7, at the Fe L»3 edge at room temperature, together with the results on two
reference samples: FeO (Fe*") and Fe,Os (Fe*).

In pure CazRu07, only the A-type AFM phases (AFM-b and AFM-a, see Fig. S3 in
Supplementary Material [61], and the phase diagram in Refs. [46, 47] ) are (thermally) accessible.
The appearance of the IC magnetic phase in 5% Fe-doped CazRu,O7 reveals the important role of
Fe incorporation into the lattice. To understand its role in producing the IC magnetic state, it is
critical to assess the valence and spin state of Fe in CasRu2O7. Since Fe occupies a nominally Ru**
lattice site, it seemly suggests that Fe should assume the same valence of Ru*'; hence, serving as

a substitutional cation and being a Fe** valence state. First, we note that Fe** (¢) is quite unusual

and in transition metal oxides charge disproportionation is frequently observed as Fe*" - Fe** +



Fe>* [70-72]. Nonetheless, two spin states are in principle possible for Fe*": low spin (LS) with
orbital configuration f,.* e, as that in Ru** and high spin (HS) with #4* e,!. Second, we assume
that the electronic state of Fe and its Ru next-nearest-neighbors (nnn) and nearest-neighbors (nn)
are localized with well-defined local moments. With the caveats, noting that Ru*" is in a LS state,
and the Goodenough-Kanamori rules [73-75], we assess the magnetic symmetric exchange

interactions between Ru*" and Fe** cations in both the LS or HS state.

If Fe*" is in a LS state, the Fe*"(t2*) — O — Ru**(t2.*) interaction should be AFM. Such
interactions result in a magnetic structure where the nn spins are aligned antiparallel [Fig. 6(a)].
Note that in this specific case Fe*" does not introduce any holes or oxidization effect by oxidizing
Ru** into Ru®*. If Fe** exhibits a HS state, then the Fe*(t2.*) — O — Ru**(t2,*) interaction is AFM
whereas the Fe*'(e,') — O — Ru*'( e.") interaction should be FM. However, because Ru*' is ina LS
state, the AFM interaction is stronger and should dominate, giving rise to a strongly localized e
state and the magnetic structure shown in Fig. 6(b). In addition to the two cases described above,
we also consider a third case. In the Ruddlesden-Popper phase Srs3FeRuO7, the valence states of
Fe and Ru are reported to be 3+ (t2g® €,%) and 5+ (tz,° €,°), respectively [76]. Therefore, a system
with the combination of Fe** and Ru’* appears to be favored energetically over that of Fe*" and
Ru*". A similar situation may be active in 5% Fe-doped Ca3zRu,07, and one would then need to
consider the local spin environment shown in Fig. 6(c). In this local environment, the Fe**(t2’ €,%)
cation has three nn Ru*'( tg* €,°) cations and one Ru>*( t2g° €,”) nn. These orbital configurations
suggest that the Fe** (t2> €5%) — O — Ru*" (t2* €,”) interaction is AFM, whereas the Fe**( t® €4) —
O — Ru*( ta® ;) interaction is FM. In this scenario, the compound would exhibit local magnetic
frustrations in the vicinity of the Fe dopant. For an experimental clue of the underlying mechanism,

we resort to synchrotron x-ray absorption spectroscopy to understand the valence state of Fe. Note



that the Ru valence state is not measured due to the following two reasons: (1) the difficulty in
resolving the L edge of Ru using x-ray (the L-edge energy of Ru is relatively small for hard x-ray,
but relatively high for soft x-ray), and (2) the signature of the small amount of Ru®* is highly likely
to be overwhelmed by the dominant Ru*" in the 5% Fe-doped CazRu,O7 system. Figure 6(d) show
the result of x-ray absorption spectroscopy of Fe L, 3 edge, which suggests the Fe** configuration.
Therefore, we speculate that below 7 it is the magnetic frustration due to the presence of Fe**, in
combination with the magnetocrystalline anisotropy, that give rise to the detected IC magnetic
ordering. In the specific case of double-layered Ruddlesden-Popper material Caz(Ruo.95sFe0.05)207,
such magnetic frustration also leads to the formation of multiple nearly degenerate magnetic states.
This is essentially the origin of the observed field-induced irreversibility behavior, as well as the
FM feature along a-axis.

In summary, by performing detailed resistivity, optical SHG, microstrain via FBG, DC
magnetization, and high pulsed magnetic field measurements, we provided a comprehensive
picture of the magnetic behaviors in the polar metal Cas(Ruo.9s5Fe0.05)207. Particularly, we find a
nonzero remanent magnetic moment for /H//a, while no magnetic moment survives for H//b. We
adopted a microscopic spin model to understand this behavior. It is closely related to the existence
of multiple nearly-degenerate magnetic states in 5% Fe-doped CazRu>0O7, suggesting a delicate
balance of the intra-bilayer nearest-neighbor FM and longer-range AFM competition, and the
negligible interbilayer AFM interaction. From the detailed analysis of all possible local spin
configurations in the vicinity of the Fe dopant, and the experimental evidence of a Fe** state from
the synchrotron x-ray absorption spectroscopy, we concluded that the magnetic frustration is the
fundamental origin for the observed FM. Now that the magnetic phase diagrams are established,

we look forward to identifying the possible existence of couplings between the magnetic and polar



orders in further investigations. For a polar metal system, the conventional magnetoelectric
measurements might not be practical as the electric polarization is an ill-defined quantity in a
metal. Therefore, we need an alternative method. One possible route is to evaluate its
magnetoelastic coupling, since strain as an intermediate parameter naturally couples to both
magnetic and polar orders. The behavior of the magnetoelastic response in each of the established
magnetic phases will be a particularly interesting topic to pursue in the future.
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