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Enhanced magnetoelectric effect by spin-orbit coupling in M-type hexaferrite
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Magnetoelectric (ME) effect triggered by spiral spin orders in various hexaferrites develops both the theory
and application of ME coupling. However, the strength of such ME effect is restricted by the small spin-orbit
coupling (SOC) of 3d electrons in M-type hexaferrite. Here, we introduce the 5d element Ir with large SOC
into SrFe ;0. It is found that a low Ir*'-doping level (about 4.2% of total Fe** ions) can induce conical
spin order in SrMg Ir,Fe ,_,,0;9 ceramics, mainly because Ir** ions prefer to enter a crucial 4f, magnetic-
interacted site and thus strengthen the local Dzyaloshinskii-Moriya interaction. Spin-order-induced polarization
(Pypin) 1s achieved and displays a synchronous temperature-dependent behavior with the displacive polarization
(Psisp)- This interesting ME effect is discussed via d-p hybridization emerging at FeOs trigonal bipyramids.
Moreover, Py, response decreases step by step during the periodical ME test, reflecting the controllable helicity
and the possible multilevel states. These results demonstrate the impact of the 5d element with strong SOC on
the formation of conical spin order and the enhancement of ME effect in M-type hexaferrite, and also reveal

the interconnectedness between Py and Pyigp.

DOI: 10.1103/PhysRevB.106.144419

I. INTRODUCTION

Magnetoelectric (ME) coupling triggered by spiral spin
orders has drawn physical and technological interests
in hexaferrite families, involving M-type [1-3], Y-type
[4-6], and Z-type [6-8] hexaferrites. Among them,
M-type hexaferrite (Ba, Sr)Fe ;09 has been commercially
employed due to its excellent magnetic properties and low
cost [9]. As shown in Fig. 1(a), (Ba, Sr)Fe;;0;9 belongs
to magnetoplumbite structure, and Fe** ions are distributed
in three kinds of octahedral sites (2a, 4f,, and 12k), one
tetrahedral site (4f;), and one trigonal bipyramidal site
(2b) [9]. Generally, in centrosymmetric magnetoplumbite
structure, Fe>' ions of the trigonal bipyramid site should
lie in the equatorial plane, while they are displaced out
of the plane according to Mossbauer spectroscopy and
x-ray diffraction study [10,11]. Such displacement not only
exists at room temperature but also usually larger than that
at lower temperature [12]. Shen er al. suggested that the
competition between the long-range Coulomb interaction
and short-range Pauli repulsion in the FeOs bipyramidal
favors the off-center displacement of Fe’" at the 2b site
[13], contributing to the corresponding quantum paraelectric
behavior of (Ba, Sr)Fe;;0;9 and the displacive polarization
(Pgisp) [13-16]. While the spin-order-induced polarization
(Pypin), which is commonly induced by spiral spin orders
via inverse Dzyaloshinskii-Moriya interaction (DMI) or the
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metal-ligand d-p hybridization model [17-19], is more
fascinating in (Ba, Sr)Fe;;0j9-based materials [1-3].
However, the strict threefold rotation symmetry of the
(Ba, Sr)Fe ;0,9 lattice limits the emergence of spiral spin
order since the related antisymmetric DMI [D;; - (S; xS )]
is totally compensated [3]. Recently, conical spin order and
the related ferroelectricity are reported when about 16% of
Fe* ions are substituted by nonmagnetic Sc** or In** ions
[1,3,20,21], since Sc**/In** doping breaks the threefold
symmetry of the (Ba, Sr)Fe ;09 lattice and makes a local
uncompensated DMI [1,3]. Nonetheless, on the one hand,
the ME strength is restricted by the small spin-orbit coupling
(SOC) of 3d electrons. On the other hand, though both Py
and Py, are vital factors for the practical applications of
multiferroic materials, the relationship between them remains
a puzzle.

We attempt to focus on the above issue from the point
of SOC since it can determine the local DMI [22,23] and
contribute to Py, in either an inverse DMI or the d-p
hybridization model [17-19]. The Hamiltonian of SOC is
expressed as H = ¢L - S, where ¢ denotes the SOC coef-
ficient, L is the orbital angular momentum, and S is the
spin. In hexaferrites, Fe3* ions with large spin moments
make up spin order, but its SOC is weak due to the small
£(~0.1eV) of 3d electrons [24]. Moreover, the orbital mo-
ments (~ 0.01 up/Fe) are almost quenched for Fe’* ions
according to the first-principle calculations of SrFe ;019
[25]. The Co?" ion can reserve a sizable orbital moment
for its 3d” electronic configuration [26,27], and therefore,
(Ba, Sr)Fe ;0,9 doped with Co? -Ti*" ions usually possesses
conical spin order and obvious ME effect [2,15,28]. Com-
pared with Fe** ions, 5d transition-metal Ir** ions possess
large ¢(~ 0.4eV) and unquenched orbital moment, and thus

©2022 American Physical Society
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FIG. 1. (a) Schematic of the SrFe;,O9 crystal structure, (b)
XRD patterns of SrMg, IrFe,_,,0,9 ceramics, and (c) schematic of
the relationship between conical spin order and local DMI according
to the ionic occupation of SrMg_ Ir,Fe;;_»,09.

Ir-based compounds have led the edge of spintronics for their
fascinating electronic state induced by large SOC [29-32].
Therefore, it is reasonable to believe that the local DMI and
thus Py, of (Ba, Sr)Fe;019 can be greatly enhanced if an
Ir** ion is introduced. In this paper, StMg Ir,Fej;_2,019 hex-
aferrite is designed to verify the above expectation, where
a Mg?* ion is introduced for charge balance. A conical
magnetic structure and enhanced ME effect are obtained in
StMg, Ir,Fejp_»,019 (x = 0.5 and 0.8) because of the pre-
ferred substitution of Ir** ions at the crucial 4f, sublattice
and its strong SOC. Based on the d-p hybridization model, the
magnitude of Py, is revealed to correlate with that of Pyigp.

II. SAMPLES AND EXPERIMENTAL DETAILS

StMg, Ir,Fejp_»,019 (x =0, 0.3, 0.5, and 0.8) ceramics
were prepared by solid-state reactions. The stoichiometric
ratios of SrCO3, MgO, IrO,, and Fe,0; were mixed via high-
energy milling for 24 h and then preheated at 1150 °C for
2 h in O, atmosphere. After being milled for 24 h again,
the well-mixed powders were pressed into pellets 1.5 mm
thick and calcined at 1200 °C-1250 °C for 2 h in O, at-
mosphere. X-ray diffraction with Cu Ko radiation (XRD,
Bruker D8) was used to characterize the crystal structure.
Rietveld refinements for XRD patterns were conducted using
the Total Pattern Analysis Solutions (TOPAS, Bruker) pro-
gram. Scanning electron microscopy (SEM, Quanta 200) was
used for analyzing the topographies of the ceramics. X-ray
photoelectron spectra (XPS) were collected by a PHI5S000
VersaProbe. X-ray absorption spectra (XAS) were carried out
at the National Synchrotron Radiation Laboratory, China. The
magnetic properties were measured using a commercial mag-
netic property measurement system (SQUID-VSM, Quantum

Design). The magnetic domain patterns were measured by a
magnetic force microscope (MFM, Bruker Icon). Prior to the
electrical measurement, ceramics were polished to about 0.12
mm thickness and silver paste was painted on both their sides
to form a capacitance. ME current was collected by a Keith-
ley 6514 SourceMeter on a physical property measurement
system (PPMS, Quantum Design). The ferroelectric hysteresis
loops were measured by a Keithley 6517B SourceMeter under
a positive-up—negative-down (PUND) method on a PPMS.

III. RESULTS AND DISCUSSION

A. Crystal structures

StMg, Ir,Fejr_»,019 ceramics are well grown with an av-
erage grain size of about 1 pum, as shown in Supplemental
Material Fig. S1 [33]. Figure 1(b) presents the XRD patterns
of StMg_ Ir,Fej,_»,0;9 powders ground from the correspond-
ing ceramics. All the ceramics possess magnetoplumbite
structure with the P63 /mmc space group, and the slight sec-
ondary spinel phase is marked with *. To figure out the
structural details of StMg Ir,Fej>_»,019, Rietveld refinement
is conducted and the ionic occupation ratios together with
the small residual factor-weighted pattern (Ry,,) and residual
factor pattern (R),) are given in Table I. There are four features
worth mentioning, and first, as we know, the ionic scattering
ability for x ray determines the intensity of the corresponding
diffraction peak. In SrMg Ir,Fe;,_,O19 ceramics, the scatter-
ing abilities of Mg, Ir, and Fe ions are of great difference due
to their different electronic configuration, being responsible
for the reliability of Rietveld analysis. Therefore, though the
fitting values of different sample batches may be slightly
different, their trend with x increase is the same when Ry,
and R, are less than 10. Second, for XRD measurement, the

displacement of Fe®" either above or below the equatorial
plane contributes equally to the diffraction intensity since the
equatorial plane of bipyramids is also the mirror of the magne-
toplumbite lattice [12]. Therefore, the off-center displacement
of the 2b site (z5) can be estimated by Rietveld analysis. As
shown in Table I, z,;, is about 0.048, 0.065, 0.120, and 0.056 A
for the samples with x =0, 0.3, 0.5, and 0.8, respectively,
favoring the appearance of Pysp. Third, it is known that Ir
ions can exist in trivalent or tetravalent forms. In order to
check the valence of Ir ions, SrMg_ Ir,Fe ,_,,019 ceramics are
investigated by XPS technique. The typical binding energy of
Ir 4 /75 is expected to be about 61.8 eV for Ir*" and 62.6 eV

for I’ [34]. Figure S2 of the Supplemental Material shows
the Ir 47, XPS spectra of SrMg_Ir,Fe ,_,O19 ceramics [33].
Though the binding energy peaks are not smooth enough due
to the small Ir concentration, they are all located around 61.8
eV, indicating the valence state of Ir is dominated by 44
in StMg,Ir,Fej;_,019 ceramics. As shown in Table I, Ir*t
ions mainly substitute Fe3* ions at 4 f> and 12k sites, and the
main 4 f,-site occupation of Ir** ions (with large ¢ and orbital
moment) can effectively change the magnetic interaction and
enhance the local DMI [the D vector in the ab plane, Fig. 1(c)]
between the 2b and 4f, layers, which finally benefits the
formation of conical spin order with the propagation vector
k along the c axis. While as shown in Fig. 1(c), the 12k-site
Ir** ion has a complex effect because it can interact with three
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TABLE I. Parameters from the Rietveld refinement of SrMg_Ir,Fe|,_,,0,9 ceramics.

Spin-up site net

12k site

2b site 41 site 41, site
Fe/Mg/Ir

Fe/Mg/Ir

2a site
Fe/Mg/Ir

substituted ratio

Fe/Mg/Ir

Fe/Mg/Ir

(%)

ratio (%) ratio (%) ratio (%) ratio (%)

ratio (%)

2n(A)
0.048(13)
0.065(19)

a(A) c(A)

Ry (%)

Rup(%)

23.0610(5)
23.0467(4)

5.88133(10)
5.88561(8)

3.56

2.58

4.68
3.59

1.5%
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0(15)/
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FIG. 2. Magnetic hysteresis loops of (a) SrMg Ir,Fei,_,.019
ceramics at room temperature and (b) SrFe;;Op9 and (c)
SrMg, sIrg sFe 1019 ceramics with various temperatures. (d)
T-dependent H, of SrMg, Ir Fe > _»xO9 ceramics. The inset gives
the enlarged parts of magnetic hysteresis loops for the samples with
x =0.5and 0.8.

Fe* sites (12k, 4 f1, and 4 f,) geometrically. The competition
between the additional 12k-12k DMI and the interlayer DMI
(12k-4 f; and 12 k-4 f,) can disturb the conical spin order prop-
agating along the ¢ axis. That is to say, Ir** substitution at the
12k site is unhelpful to a conical magnetic structure. Finally,
unlike Ir*" ions, nonmagnetic Mg>* ions, possessing no SOC
and entering the sites (2a and 4f;, Table I) with different
spin directions, show negligible effect on the formation of
conical spin order [3]. While the Mg?" ion at the 2a site,
that is adjacent to the 2b site along the ¢ axis, can squeeze
the 2b—site space due to its larger radius than that of the
Fe3* ion, and thus cause the reduction of z,,. In addition, the
enhanced DMI of the Fe** (2b)-O>~-Ir** (4 f,) triad requires
the Fe’*(2b)-0* and O? -Ir**(4f,) bond angles closer to
90 ° to reduce the system energy [35], tending to increase z5;.
The competition between the above two factors makes zp;, first
increase as x increases from x = 0 to 0.5 and then decrease
for x = 0.8. Taken together, Ir** ions mainly enter the crucial
4 f, magnetic-interaction site and can simultaneously tune the
magnetic and lattice structures of StMg, Ir,Fe ,_,,019.

B. Magnetization measurements

Figure 2(a) exhibits the room-temperature magnetic hys-
teresis loops of SrMg, Ir,Fejr_»,0O19 ceramics. Compared
with pure SrFe;»09, the saturation magnetization (M) de-
creases for the samples with x = 0.3 and 0.8 while it increases
for x = 0.5. In ferrimagnetic SrFe ,09, the spins of 16 Fe3t
ions at 12k, 2a, and 2b are spin-up and antiparallel to those
of the 8 Fe’* ions at the 4f; and 4f; sites, leading to a net
moment of 40 ug per unit cell [36]. When Mg?* and Ir** ions
are introduced in SrFe,09, their different magnetic moments
and net effective substitution to spin-up or spin-down Fe’*
can affect the magnetization of SrFe;,0;9. The net effective
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FIG. 3. T-dependent M of SrMg Ir.Fe ;_»,0;9 ceramics un-
der ZFC and FC conditions with H =200 Oe. The inset gives
T-dependent Mgc under different H for the samples with x = 0.5
and x = 0.8.

substitution to the Fe’" ions of the spin-up site with non-
magnetic Mg?* and weak-magnetic Ir** ions is responsible
for the decreased M; of the ceramics with x = 0.3 and 0.8.
While for the samples with x = 0.5, the preferred substitution
at spin-down (4 f; and 4 f5) sites (Table I) results in the slightly
increased M. Based on the different magnetic moments of
Fe3+(~ 5 ug) and Ir4+(~ 1.5 ug) [37] and their fractional
occupancies determined from XRD analysis (Table I), the
magnetic moments estimated by adding up the moments of
Fe’" and Ir*" are 40.0 g, 39.0 ug, 40.4 ug, and 38.4 g, re-
spectively, for the ceramics with x = 0, 0.3, 0.5, and 0.8. The
evolution of the magnetic moment keeps in accord with that
of the spin-up site net substituted ratio (the number of Fe?'
ions substituted at the 2a, 2b, and 12k sites subtracting that at
the 4f; and 4 f; sites, then divided by the total number of 2a,
2b, and 12k sites, shown in Table I) and M. More important,
the introduction of Ir** and Mg?* ions dramatically decreases
the coercive field (H.), which decreases from 3738 Oe for
x =0 to 179 and 55 Oe, respectively, for the ceramics with
x = 0.5 and 0.8. This represents the rapid decline of uniax-
ial magnetocrystalline anisotropy, favoring the formation of
conical spin order. Figures 2(b) and 2(c) show the magnetic
hysteresis loops of the SrFe;;,019 and SrMg sIrgsFe 1019
ceramics at various temperatures. Unlike the decreased H.
for pure SrFe,09, the H, of all doped StMg_Ir,Fei,_,,09
ceramics gradually increases with decreasing temperature (7')
[Fig. 2(d)], implying the difference of their interaction.
Figure 3 demonstrates the 7 dependence of magnetization
(M) under zero field cooled (ZFC) and field cooled (FC)
conditions with external magnetic field (H) of 200 Oe. The
FC magnetization (Mgc) of the ceramics with x = 0 and 0.3
exhibits a typical ferrimagnetic feature, that is, Mrc mono-
tonically increases with decreasing 7. However, the Mpc
curves display obvious anomalies around 250 and 205 K,

respectively, for the samples with x = 0.5 and 0.8. From such
temperature, Mpc stops increasing and even starts to slightly
decrease with decreasing 7', indicating the collinear ferrimag-
netic spin order starts to transform to conical spin order at
the temperature (7eone) [1,20], below which the conical spin
projections onto the cone bottom balance themselves out, and
make smaller Mgc left due to the increased cone angle [38].
Moreover, as shown in the insets of Figs. 3(c) and 3(d), Teone
shifts to lower T and the transformation becomes inconspic-
uous under larger external H, similar to that observed in ME
Ba(Fe, Sc, In);,0,9 polycrystals [3,39]. In order to confirm
the appearance of conical spin order, SrMg sIrgsFe;1019
single-crystal platelets grown along the ab plane were pre-
pared (Fig. S3) [33]. As shown in Fig. S4 [33], the Mgc of
SrMg, sIro sFe 1019 single crystal under H || ¢ condition de-
creases with decreasing temperature below 313 K and shows
a sharp decrease below 135 K, similar to the results reported
in BaFe,_,Sc,Mg,(sO19 single crystal [1], where conical
spin order is evidenced by neutron diffraction and the sharp
decrease corresponds to the rapid increase of the cone angle.
Therefore, it is reasonable to believe that conical spin order is
induced in SrMg sIrosFe ;019 single crystal. However, the
Mpgc curve on the H Lc condition displays a typical feature
of collinear ferrimagnetism. In other words, the spin order
of StMg, sIrg sFe 1019 single crystal differs under H applied
in different directions relative to crystallographic orientation.
The Mrc of StMg Ir,Fejr_2,019 (x = 0.5 and 0.8) ceramics
can be regarded as a superposed signal contributed by both
collinear and conical spin orders. With decreasing 7', their
Mpc does not display a prominent decrease below Tiope due
to the increasing Mpc signal from the collinear spin part.
As mentioned above, the emergence of conical spin order is
dominated by Ir** substitution at the 4 site. For the samples
with x = 0.5, Ir** ions at the crucial 4 f> site are sufficient
for the formation of conical spin order. Then, more Ir*t ions
enter the 12k site with increasing x and disturb the conical spin
order, causing a decreased T;opne for the samples with x = 0.8.
In short, compared with other ionic doping [1-3], Ir** doping
with a relatively low substitution level (about 4.2% of the
total Fe’* ions) can effectively induce conical spin order in
SrFe ;019 because of its strengthened SOC.

Mzrc and the difference between Mzgc and Mgc also show
differences among different SrMg_ Ir,Fej,_2,O19 ceramics.
As shown in Fig. 3, the difference between Mzpc and Mg
becomes more obvious with increasing x, and meanwhile, the
Mgzrc rapidly decreases below freezing temperature (77) for
the samples with x = 0.5 and 0.8, implying the appearance
of spin-glass state. Such behavior commonly exists in M-type
hexaferrite systems with conical spin order [3,20], where the
antiferromagnetic interaction deviates from the ¢ axis. Mean-
while, when partial Fe’* ions are substituted by Ir** and
Mg2+ ions in SrFe;0,9, the antiferromagnetic interactions
among Fe’" ions are affected or interrupted. Consequently
as Fig. S5 [33] shows, local nanomagnetic domain appears,
and the correlation among them increases with decreasing
T and thus gives rise to ferromagnetic exchange coupling at
low temperature. The competition between ferromagnetic and
tilting antiferromagnetic interaction below T¢ope is responsible
for the formation of a spin-glass state. For the samples with
x = 0.3, though an obvious conical spin structure does not
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FIG. 4. The relative Py, of SrMg Ir.Fe;;_».O;9 ceramics: (a)
x = 0.5 and (b) x = 0.8 on H_LE condition and (c) x = 0.5 and (d)
x =0.80nH | E condition. P, of SrMg_Ir.Fe|,_»,0;9 ceramics on
H _1E condition: (¢) x = 0.5 and (f) x = 0.8. The insets of (a) and
(b) give the detailed Py, and the insets of (e) and (f) give the PUND
ferroelectric hysteresis loops below T¢, respectively.

appear due to the lesser Ir** substitution, a spin-glass state

also exists probably because of the destruction of long-
range collinear spin order. The freeze of spin glass in
SrMg, Ir,Fej»_»,019 ceramics contributes to their enhance-
ment of H, with decreasing T [Fig. 2(d)].

C. ME effect

ME effect is taken for granted in SrMg Ir,Fejr_2,O19
(x = 0.5 and 0.8) ceramics with conical spin order. The direct
coupling between magnetic and ferroelectric orders (i.e., ME
coupling) can be confirmed by Pypi,. The samples were first
prepolarized with H = 42 T and electric field (E = +16.67
kV/cm) under HLE or H || E condition. Then, the electric
field was cut off and the electrodes were shorted for 30 min
before collecting ME current via sweeping H from 2 to —2
T. Figures 4(a)-4(d) exhibit the relative polarization of the
samples with x = 0.5 and 0.8 in T range of 10-50 K, where
the polarization is defined as zero when H reaches —2 T. In
comparison, no obvious ME current and thus polarization can
be detected for the samples with x = 0 and x = 0.3 at any
T (Fig. S6 [33]), implying the polarization stems from the
conical spin order, i.e., Pyi,. Moreover, the relative Py, ex-
hibits a prominent decline around H, on H L E condition, and
its magnitude reduces gradually as 7 increases, and finally
vanishes above 50 and 30 K for the ceramics with x = 0.5 and
0.8, respectively [Figs. 4(a) and 4(b)]. On H || E condition,
similar results are observed for SrMg Ir,Fej;_2,019 (x =
0.5 and 0.8) ceramics except that the relative Py, changes

more slowly due to the larger geometric demagnetizing factor
[Figs. 4(c) and 4(d)].

The inverse DMI model, where Py, o S kx(S; xS i)
and k is the propagation vector of spiral spin order, forbids
a Py, component parallel to >°8: x §; (the same direction
with H) [18]. Therefore, the comparable value of Py, under
P1H and P || H conditions implies that the ME effect of
StMg, Ir,Fejn_»,019 (x = 0.5 and 0.8) originates from the
d-p hybridization mechanism, in which Py, is given by [19]

Pgin =Y puen(ei - SiY’, o))

where e; denotes the unit vector connecting magnetic ionic
site i to its neighboring ligand site [ and p;; is a constant
related to SOC. In d-p hybridization, Py, calls for the co-
existence of conical spin order and a special lattice form with
broken inversion symmetry [40]. Thus, Py, is only allowed in
the FeOs trigonal bipyramid (2b site) and/or FeOy, tetrahedra
(41 site) of M-type hexaferrite. Considering the main 4 f,-site
substitution of Ir** ions and the strong interaction between 2b
and 4f, sites, the 2b site should be the main contributing site
of Pyin. Such speculation can be confirmed by pyroelectric
measurement. The samples were cooled from room tempera-
tureto 5 Kunder E = +16.67kV/cmand H = 0—2 T (H LE)
condition, and then the electrodes were shorted for 30 min.
Pyroelectric current was collected by heating the samples
with 4 K/min and the total ferroelectric polarization (P)
is integrated by pyroelectric current. Figures 4(e) and 4(f)
shows the 7' —dependent P, with different H, and there are
three features worth mentioning. First, under zero magnetic
field, the cone axis is along the easy magnetization ¢ axis
[Fig. 1(c)], and such longitudinal conical structure has no net
Pyyin because of the canceled spin projections on the ab plane
and thus the vanishing summation of Py, = > pueile - S,-)z.
Instead, Pyyin can be readily induced by tilting the cone axis
with H. That is to say, the applied H is a precondition to Ppyiy.
Therefore, the polarizations under zero and nonzero H corre-
spond to Pyisp and Py (the sum of Pyigp and Pypin ), respectively.
With increasing T, Pysp gradually decreases to zero at Curie
temperature 7¢, which is 56 and 36 K, respectively, for the
samples with x = 0.5 and 0.8. Below T¢, the PUND ferro-
electric hysteresis loops shown in the insets of Figs. 4(e) and
4(f) further confirm the displacive ferroelectricity. To be sure,
pyroelectric current was collected by heating the samples after
removing the poling electric field, and thus the corresponding
ferroelectric polarization mainly comes from the remanent po-
larization part, while the polarization measured by the PUND
method is all the switchable ferroelectric polarization. There-
fore, at the same temperature and electric field, Py;s, measured
by PUND is usually larger than that by pyroelectric current. T¢
approaches the vanishing temperature of Py, for the samples
with x = 0.5 and 0.8. Such synergy variation indicates that
Pyisp and Pyyi couple with each other and confirms that the d-p
hybridization emerges at FeOs trigonal bipyramids (2b site).
That is to say, the main SOC originates from the 2b site with
the ionic off-center displacement and thus asymmetric crystal
field. Second, the displaced ions can rapidly oscillate between
the two equivalent positions once the thermal energy is greater
than the energy barrier of the up and down positions, causing
the vanishing of polarization [12—14]. That is, though nonzero
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FIG. 5. Py, response of SrMg Ir.Fej_»,0,9 ceramics (x = 0.5
and 0.8) via sweeping H periodically on the H_LE condition at 10 K.
The inset gives a schematic of helicity loss.

Zpp 18 Observed at room temperature, 7¢ usually appears be-
low room temperature. Moreover, compared with that of the
ceramics with x = 0.8, both P and Tt of the samples with
x = 0.5 are higher because of its larger z,, (Table I). Third, P
increases with increasing H and gradually reaches saturation
after 1 T, further confirming the regulating effect of H on po-
larization. In short, the ME effect of StMg, Ir,Fe ;1,019 not
only depends on the conical spin order, but also on z;,. Fur-
thermore, compared with the In**-doped M-type hexaferrite
[3], Ir** doping with lower substitution level can effectively
induce a conical magnetic structure in SrFe;,0,9 and lift the
magnitude of Py, by about two orders on account of its strong
SOC. It should be mentioned that though the large SOC of
Ir*" is beneficial for the enhancement of ME coupling, conical
spiral structure is the prerequisite for its appearance. Figure
S7 [33] shows the XAS spectra of the ceramics with x = 0.3
and 0.5. It is seen that SOC occurs in both ceramics, but
ME coupling is only observed in the ceramics with x = 0.5,
further confirming the appearance of the conical spin structure
in StMg, 5Irp sFe 1 O1o.

The Py response of SrMg Ir Fej;_»,019 (x =0.5 and
0.8) ceramics is further tested by periodic H on H_LE condi-
tion at 10 K, and is shown in Fig. 5. Unlike the retrievable P,y
common in other hexaferrite systems [1,6,41], the relative
Py, response of StMg I, Fej>_»,019 displays an interesting

decline behavior with an increasing cycle of H, where Py,
is defined as zero when the last sweep ends. To explain
such behavior, one should take insight on the principles of
the ME coupling test. Py, of StMg, IriFej;_5,019 (x = 0.5
and 0.8) is connected with conical spin order, whose helicity
> k- (S;xS;) defines its polar state. The +E, +H prepolar-
ization not only determines +Pspin, but also selects the sign of
helicity to satisfy +Pspin. In general hexaferrite, the sign of he-
licity keeps accord with M on H reversal, causing retrievable
Pyin when repeatedly sweeping H [1,6,41]. The decreasing
Pyin in StMg Ir,Fe;_»,019 (x = 0.5 and 0.8) suggests an
irretrievable helicity on H reversal. Unlike the retentive con-
ical spin order of BaSc,Fe;>_,O,9 single crystals on H_lLc
condition [1], the characteristic of collinear spin order is
observed on this condition for the SrMg, 5Irg sFe;; 019 single-
crystal platelet. Therefore, as shown in the inset schematic
of Fig. 5(b), the sign of helicity may not be restricted in
SrMg, Ir,Fejr_»,019 if an intermediate state of collinear spin
order emerges on H reversal. Therefore, every time H re-
verses, the helicity gets more random and finally approaches
zero. Thus, Py, displays a macroscopical decline as the mea-
surement cycle increases, and finally reflects the multilevel
magnetoelectric states. It should be mentioned that the helicity
and Py, can be polarized to the initial state again after +E,
+H polarization.

IV. CONCLUSION

In summary, we have investigated the structural, mag-
netic, and ME properties of SrMg_ Ir,Fej>_»,019. A conical
magnetic structure is induced in StMg Ir,Fej;_»,0;9 ceram-
ics by a small amount of Ir** doping (about 4.2% of the total
Fe’* ions) because Ir** ions with large SOC prefer to enter
the crucial 4 f, sublattice and thus enhance the local DMI. As
a result, enhanced Py, in StMg I Fejp 2,019 (x = 0.5 and
0.8) ceramics is obtained and considered to originate from
the d-p hybridization mechanism, which emerges at FeOs
trigonal bipyramids and couples with Pysp. Moreover, Popin
decreases step by step with a periodical ME test due to helicity
loss. These results provide a feasible avenue to develop and
enhance the ME coupling of a M-type hexaferrite system, and
offer a clue to multilevel states storage.
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