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A giant, reversible magnetoelectric polarization induced under one order of magnitude lower magnetic field
was observed in Y-type BaSrCo,_,Cu,Fe;;AlO;; (0 < x < 1) ceramics. When increasing Co** cations are
substituted with Cu®*, the saturation magnetization decreases and the flipping electric polarization accompanied
with an attenuation feature is gradually frustrated. Samples’ insulation degree and magnetodielectric response
together with the superexchange interaction between magnetic moments of z; and fg are all enhanced for the
moderately doped Cu?™ (x = 0.5), which contributes to the excellent magnetoelectric coupling performances
in BaSrCo, 5CugsFe;; AlO,, with a giant magnetoelectric current of 23 uA/m?, magnetoelectric polarization
of 35uC/m?, and huge magnetoelectric coupling coefficients of 4496 ps/m. Furthermore, the magnetoelectric
polarization can be tuned by switching angles between the direction of the surfaces of the electrodes and the
external magnetic field. Such a giant magnetoelectric polarization under so low magnetic field and reversibility
make the multiferroic material system promising in real world applications in conceiving and developing

nonvolatile memory and new functional devices.
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I. INTRODUCTION

Magnetoelectric multiferroics possess both magnetism and
ferroelectricity, offering a good opportunity for coupling be-
tween electric polarization (P) and magnetization (M) [1]. The
enhancement of coupling strength between P and M of mul-
tiferroics is a subject of keen interest for both their intriguing
fundamental physics and their potential applications in the
fields of nonvolatile memory and new functional devices [2].

The ferroelectric and magnetic orders of single-phase
multiferroics, both from spin orders, usually exhibit strong
magnetoelectric coupling [3,4]. Y-type hexaferrites with
tunable magnetic structures are potential single-phase mul-
tiferroics with magnetoelectric coupling effects [5]. Y-type
hexaferrites possess the A,Me;Fe ;0 chemical formula,
where A and Me denote an alkaline-earth-metal ion and a
divalent metal ion, respectively [6].

Previous studies suggest that there are several key fac-
tors behind the magnetoelectric (ME) properties of Y-type
A;Me,Fe|,0,, hexaferrites, such as annealing process, sinter-
ing temperature, and ions substitution. The ions substitution
approach has been proven to be an effective way to modify the
magnetoelectric performances of Y-type hexaferrites [6—12].
Ishiwata et al. reported that the Mg element completely sub-
stituted for Zn in BayZn,Fe ,0,, could effectively reduce the
external magnetic field to several dozen mT and then induce
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the ceramic’s magnetoelectric polarization [6]. Incresing the
Co element is able to enhance the ceramic’s resistivity, which
in turn enhances the ceramic’s ME performance [8]. Doping
the Sr element can obviously affect the superexchange in-
teraction between magnetic moments [9]. The introduction
of Zn is able to change hexaferrites’ magnetic transition
temperature [10]. The approach of Al substitution in Y-type
Bag 551 5Zn,Fe;,0,; (BSZFO) increased the material’s mag-
netoelectric susceptibility [11]. In addition, the Al substitution
scheme has been proven to be an effective route to enhance
magnetoelectric susceptibility and stabilize the nonreversal
ferroelectric polarization of BaSrCo,Fe;;AlO,, reported by
Hirose et al. [12]. Therefore, proper ions substitution in Y-
type hexaferrites can improve a material’s magnetoelectric
performance.

CuO as a fluxing agent plays an important role in en-
hancing the ceramic’s density, further reducing the material’s
leakage current, which is beneficial for the improvement of the
material’s magnetoelectric performance. Therefore, to further
modify the ceramic’s magnetoelectric performance, introduc-
ing CuO in Y-type hexaferites may be an effective approach.
Based on this consideration, in this work, Cu?t cations were
introduced in Y-type BaSrCo,_,Cu,Fe;;AlO,; by us and
their impact on magnetoelectric coupling was systemically
investigated.

II. EXPERIMENTAL METHODS

Y-type hexaferrite BaSrCo,_,Cu,Fe|;AlO,, was prepared
by traditional solid state reaction methodology [13]. The
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starting materials were high-purity BaCO3, SrCO3;, Co304,
CuO, Fe, 03, and Al, O3, which were purchased from Aladdin
(Shanghai). Raw materials were weighted with stoichiometry
ratio and dispersed in ethanol for thorough mixing and then
ground in a planetary ball mill for about 12 h [14]. The well
mixed liquid material was then laid in the drying oven to
get eliminate the ethanol by natural evaporation. The dried
materials were then put into a box-type furnace in a curbic
container for presintering for about 10 h [15]. The presintered
materials were again well mixed and ground, and then pressed
into pellets with a diameter of 8 mm and thickness of 1 mm
for sintering. The pellets were sintered in a tube-type furnace
within the temperature range of 1115-1230°C for 10 h. In
the sintering process, the oxygen atmosphere was maintained
to improve the ceramic’s resistivity. The x-ray diffraction
(XRD) within the Cu K« radiation source in the range of
26 = 10-90° was taken to determine the crystal’s structure as
well as quality [16]. A scanning electron microscope (SEM)
and an energy dispersive spectrometer (EDS) were applied for
sample morphology and composition characterization. To that
end, the sintered pellets were cut into a rectangular shape with
a thickness of 0.2-0.3 mm and a surface area of about 5 mm?
for characterization of the magnetic, electric, dielectric, and
magnetoelectric performances. The magnetization was mea-
sured with a vibrating sample magnetometer (Lake Shore,
7407) [17]. Magnetic, dielectric, and magnetoelectric cou-
pling properties were obtained by using a homemade system
consisting of LCR, an electrometer (model 6517B, Keithley),
a lock-in amplifier, an electromagnet (Oriental Jingchen Co.,
Ltd.), a physical property measurement system (Dynacool-
14T), and a radiant technologies precision multiferroic system
(Radiant Technologies, Inc.) Ceramics were poled before the
magnetoelectric coupling measurements. The magnetoelectric
current (/) was measured through tuning scanning external
magnetic field, which was generated by an electromagnet
controlled by a DC power supply. The system was controlled
by a program compiled by LABVIEW software [18,19].

III. RESULTS AND DISCUSSION

A. Morphology, ferroelectric, and magnetic characterization
of BaSrCo,_,Cu,Fe 1AlO;,

The crystal structures of BaSrCo,_,Cu,Fe;;AlO,; can be
considered as alternating stacks of magnetic 7 and S blocks
with a proper-screw-type rotation as shown in Figs. 1(c)—
1(f) [20]. The XRD in Fig. 1(a) suggests features of Y-type
hexaferrites with space group R3m [21]. The diffraction
peaks (see Supplemental Material Fig. S1 [22]) exhibits
a right-shifted trend with increasing Cu’** demonstrating
that the lattice volume decreases with introducing Cu’*.
During the sintering process, the adequate sintered tem-
perature gradually decreased with the increase of Cu*':
1230°C(x =0) > 1220°C (x =0.1)>1190°C (x =0.3) >
1175°C (x=0.5)>1140°C(x=0.7) > 1115°C (x = 0.9),
respectively (see Supplemental Material Fig. S2 [22]). Such
a trend can be attributed to the fluxing function of CuO, low-
ering the ceramic’s melting point, which is expedient to raise
the density of prepared hexaferrites [23]. The elements Ba,
St, Co, Cu, Fe, Al, and O were nearly in uniform distribution
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FIG. 1. (a) The XRD of BaSrCo,.,Cu,Fe;; AlO,,. (b) The mor-
phology and elements distribution of BaSrCo; sCugsFe;; AlOy,. (c)
Schematic crystal structures of Y-type BaSrCo,_,Cu,Fe;; AlOy,. The
magnetic structures consist of alternate stacks of T blocks and §
blocks, respectively. Illustrations of magnetic structures with (d) the
proper screw magnetic structure, (e) the transverse-conical magnetic
structure, and (f) the collinear magnetic structure.

and the ceramic’s morphology points to obvious hexagonal
sheet structures based on the SEM results in Fig. 1(b) and
Supplemental Material Fig. S3 [22]. The mapping results
showed that the contents of Cu’t and Co’* conformed to
the stoichiometric ratio with x changed from 0 to 0.9 (see
Supplemental Material Fig. S2 and Table S1 [22]). It can be
concluded that the samples were stoichiometric considering
the uncertainties of the EDS technique [24]. The prepared
high-quality ceramics is favorable to excellent magnetoelec-
tric performances.

The dielectric constants of BaSrCo,_,Cu,Fe1AlOy, in
Fig. 2(a) and Supplemental Material Fig. S4 [22] show a rising
trend with temperature while a falling trend with frequencies.

The collected dielectric losses of BaSrCo,_,Cu,Fe 1 AlO;;
under high frequency were low (see Supplemental Material
Figs. S5 and S6 [22]), which is desirable for the material’s
magnetoelectric uses. Therefore, the highest frequency of 300
kHz has been selected for magnetoelectric performances tests.
The dielectric peaks were not seen in the temperature range
from 78 to 500 K, which demonstrates that all the investigated
ceramics can keep their ferroelectric performances up to 500
K, which can guarantee the specimen’s magnetoelectric cou-
pling performance above room temperature.

The magnetic transition temperature (77/7;) of
BaSrCo; 5CugsFe;;AlO,, was around 300 K as exhibited
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FIG. 2. (a) The dielectric temperature measurements of BaSrCo,_,Cu,Fe,;;AlO,, under different frequencies. (b) The magnetiza-
tion of BaSrCo,_,Cu,Fe ;AlOy, ceramics. (c) The saturation magnetization of BaSrCo,_,Cu,Fe;;AlO,,. (d) The coercive fields of

BaSrCoz_XCuxFel 1 A1022 .

in Fig. 3(b), which benefits the samples’ magnetoelectric
coupling performance around room temperature. The
magnetic Curie temperature (7p) of BaSrCo; 5Cug sFe;; AlOy;
is around 700 K, which is in accordance with other reported
Y-type hexaferrites [25].

As exhibited in Figs. 2(b) and 2(c), the saturation mag-
netization intensity decreases with increasing doped Cu?*
It is seen that magnetization saturates more easily when the
external magnetic field was parallel rather than perpendicular
to the surface of BaSrCo,_,Cu,Fe;; AlOy; (see Supplemental
Material Fig. S7 [22]). Therefore, the sintered pellets
exhibit magnetic anisotropy, which is desirable in tuning
of the material’s magnetic performance through applying
an external magnetic field. The saturation magnetization
of BaSrCo,_,Cu,Fe{;AlOy under the aforementioned
condition exhibits a decreasing trend: 26.157emu/g
(x=0) > 24897 emu/g(x = 0.1) > 22.794 emu/g (x =
0.3) > 22.082 emu/g (x=0.5) > 17.667 emu/g(x =0.7) >
17.413 emu/g (x = 0.9), respectively, in Fig. 2(c) and
Supplemental Material Table S2 [22].

The decreasing magnetization can be attributed to more
Co?* cations being substituted by Cu®*, which reduces the
total magnetic moments of BaSrCo,_,Cu,Fe;;AlOy,. It is
seen that BaSrCo,_,Cu,Fe;;AlO,, exhibits small coercive
fields and soft magnetic behaviors in Fig. 2(d), which are
pivotal for inducing magnetoelectric coupling performance in
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FIG. 3. (a) Magnetization of BaSrCo;sCugsFe;;AlO,, as a
function of temperature with a measuring field of 500 Oe. (b)
Temperature dependence of the derivative of magnetization to tem-
perature (dy/dr—T) by the zero field cooling (ZFC) and field
cooling (FC) processes. T represents the magnetic Curie tempera-
ture and 7;/7, represent the magnetic transition temperature from
the dy /dr—T curves corresponding to the ZFC and FC processes.
(c) The enlarged curve of dy/dr—T by the ZFC process. (d) The
enlarged curve of dy, /dr —T by the FC process.
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FIG. 4. (a) The magnetodielectric response of BaSrCo,_,Cu,Fe;;AlOy. (b) The reversal of magnetoelectric polarization of
BaSrCo,_,Cu,Fe;; AlOy,. (c) The magnetoelectric coupling coefficients of BaSrCo,_,Cu,Fe;; AlO,;.

low magnetic fields. Meanwhile, the coercive fields show an
increasing trend with increasing Cu®".

It is known that magnetization can well reflect the
changing magnetic structures of BaSrCo,_,Cu,Fe;;AlOy
under the influence of external magnetic fields. As shown
in the magnetization hysteresis loops of the as-prepared
BaSrCo,_,Cu,Fe;AlO,,, the magnetization intensity rose
rapidly with increasing external magnetic fields ranging from
0 to 2 kOe in Fig. 2(b), demonstrating that the magnetic
structures of the prepared ceramics are in a noncollinear
magnetic phase, which can generate ferroelectricity. The
magnetization increased slowly to the saturation state at
high magnetic field regions (2-15 kOe), demonstrating that
the magnetic structures in such regions were of collinear
ferromagnetic state. Such a state would not generate ferroelec-
tricity. One can see that the hysteresis loops exhibit smooth
and closed features accompanied with soft magnetic charac-
teristics which can be attributed to the ferrimagnetic nature
of Y-type BaSrCo,_,Cu,Fe;;AlO,; [9,26]. In the process of
magnetization approaching to saturation state, the transition
exhibited different characteristics with increasing Cu>*. For
example, for x = 0.7/0.9, the M-H loops presented nearly
three steps toward magnetization state, while for x = 0.1/0.2,
the M-H loops showed nearly two steps toward saturation
magnetization state. Apparently, doping Cu>* obviously tunes
the hexaferrites’ magnetic structures from the nonmonotoni-
cal process to its magnetization saturation state.

B. Magnetoelectric coupling of BaSrCo,_,Cu,Fe;;AlO;;

Magnetodielectric constant ¢ of BaSrCo,_,Cu,Fe;;AlOy,
was sensitive to an external magnetic field and an obvi-
ous magnetodielectric response occurred at 78 K under 300
kHz in Fig. 4(a) around zero magnetic field. Such behav-
iors were evidence that magnetoelectric coupling occurred in
BaSrCo;_,Cu,Fe;; AlO,,. Magnetodielectric (MD) responses

can be used to precisely evaluate the ceramic’s ¢ responses
degree to external magnetic fields [27-29].

Ae

MD(%) = ———, 1

(%) = 20 %0e) M)

Age = &(0 kOe) — (=20 kOe). 2)

Here Ae is the relative change in ¢. &(0 kOe)

and e(—20 kOe) represent the dielectric constants of
BaSrCo;_,Cu,Fe;;AlO,; in magnetic fields of 0 and —20
kOe. It is seen that Ae exhibited a large response around zero
magnetic field, which demonstrated the existence of ferroelec-
tric polarization [29]. One sees that BaSrCo,_,Cu,Fe;; AlOy;
exhibited sharp dielectric peaks around zero magnetic
field, indicating the boundary of ferroelectric states, sug-
gesting that the ceramic’s magnetic structures transitioned
from a collinear ferromagnetic phase at high magnetic
field to a noncollinear magnetic phase at low magnetic
field. Although similar magnetodielectric behaviors were
observed in BaSrCo,_,Cu,Fe;; AlO;,, the MD responses var-
ied with the difference of Cu?>". The MD responses of
BaSrCo,_,Cu,Fe|AlO,; intially increased under x < 0.5
rather than BaSrCo,Fe;; AlOy;. Once the doped Cu®t was
over 0.5, the MD responses of BaSrCo,_,Cu,Fe;; AlO,, were
weaker than BaSrCo,Fe;;AlO,, as shown in Table I. This
means that introducing Cu®* can effectively tune the MD
responses of BaSrCo,_,Cu,Fe;;AlO,;.

The magnetodielectric losses (ML) can be defined by the
following expression [29]:

ML — tano (B) — tan o (0)
tan o (0)

x 100, 3)

where tano = ¢” — ¢, &' is the real part of the dielectric

constant, and ¢” is the imaginary part. The low tano
degree reflects that ceramics were more saturated with
little leakage current, which was the major factor for
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TABLE I. The magnetodielectric response, magnetodielectric loss, magnetoelectric current, magnetoelectric polarization, and magneto-
electric coupling coefficients of BaSrCo,_,Cu,Fe;; AlO,; in the low temperature of 78 K. The leakage current and resistivity of the investigated
samples in the low temperature of 78 K and room temperature of 300 K.

BaSrCo,,Cu,Fe;; AlO,, x=0 x=0.1 x=03 x=0.5 x=0.7 x=09
Magnetodielectric loss (78 K) 0.06 0.01 0.002 0.003 0.002 0.004
A(e)/e(20k0e) 0.28% 0.58% 0.33% 0.33% 0.19% 0.22%

I (WA/m?) 7 8 8 23 15 4

P (uC/m?) 10 7 8 35 23 9
dP/dH (ps/m) 1136 1658 1547 4496 2442 753

I (WA /cm?) (78 K) 8.1 x 107! 425 x 1072 5.67 x 1074 1.67 x 1073 4.37 x 1073 712 %1073
Resistivity (€2 cm) (78 K) 2.58 x 107 1.07 x 10'° 7.22 x 10" 2.31 x 10" 9.96 x 10'° 5.40 x 10"
I; (uA/cm?) (300 K) 1.29 x 10* 2.23 x 10° 2.02 x 10? 2.28 x 10? 6.27 x 10? 7.16 x 10?
Resistivity (€ cm) (300 K) 1.47 x 10° 8.64 x 10° 5.17 x 10’ 4.51 x 107 3.60 x 10’ 1.21 x 10’
magnetoelectric performance measurements. The ML Although the trend of leakage current in room tempera-

of BaSrCo,_,Cu,Fe;;AlO;; was quite low, and when
the Cu’™ was introduced, the ML value first greatly
decreased and then keeps a similar order following the
trend shown in Table I [x = 0(0.06) > x =0.1(0.01) >
x=0.9(0.004) > x =0.5(0.003) > x = 0.7/0.3 (0.002)].

A lower ML value means that samples have very
small leakage current. The measured leakage current of
BaSrCo;_,Cu,Fe;; AlO,; under a low temperature of 78 K is
in the following trend: x = 0 (8.1 x 107" uA/cm?) > x = 0.1
(4.25 x 1072pA/em?) > x = 0.9 (7.12 x 1072 pA/cm?) >
x = 07437 x 10 uA/em?) > x = 0.5 (1.67 x 1073
uA/cm?) > x = 0.3(5.67 x 107*uA/cm?). The trend of
measured leakage current is nearly in accordance with the
magnetodielectric loss by the increasing of doped Cu?*. From
the magnetodielectric and leakage current performance, it
can be inferred when the doped Cu®** over 0.3 benefits the
improvement of the samples’ insulation degree. The doped
Cu* less than 0.5 benefits the samples’ magnetodielectric
response. Therefore, the introduced moderate Cu’" is
beneficial for the improvement of the samples’ degree of
insulation and magnetodielectric response, thus benefiting the
samples’ magnetoelectric coupling performance.

< 7.5x10

(a) x=0~0~=x=0.1 -0—x=0.3 ~0—x=0.5 x=0.7 =0—x=0.9
0.010
0.008 |
[ ) [
[ D=——0—
< 0.006 |
£
2
<
= 0.004
0.002 | et
oo ¢ eseﬁezgzt/gzg
0.000 f-o— 00—
0 10 20 30 40 50 60
E (kV/cm)

FIG. 5. The leakage
1 MV/m (b).

ture (300 K) is in accordance with the leakage current in
low temperature (78 K) as shown in Fig. 5 and Table I,
the samples’ leakage current in room temperature (300 K)
is several orders higher than low temperature (78 K). The
samples in room temperature (300 K) are not iusulated enough
to guarantee the poling process for magnetoelectric coupling
performance measurements due to the large leakage current.
So, all investigated samples do not have magnetoelectric cou-
pling performance in room temperature (300 K).
Magnetoelectric features directly reflect the coexistence of
ferroelectricity and magnetism, thus demonstrating the mul-
tiferroic nature of BaSrCo,_,Cu,Fe;;AlO, [30]. Before ME
measurements, poling treatments are required for the speci-
mens. First, an external magnetic field (20 kOe) and electric
field strength 1 MV/m were applied to the specimens with
the direction of the external magnetic field parallel to the
surfaces of the prepared specimens for about 1 h in the ce-
ramic’s paraelectric phase. Second, the magnetic field was
decreased to 2 kOe and the electric field was turned off
in the ceramic’s ferroelectric phase. Then, the two electrodes
of the specimens were short-circuited for about 1 h to release
the excess charges. During the ME current measurements, the

(b)
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FIG. 6. The reverse of magnetoelectric current (a) and polarization (b) with the periodic circulating magnetic field. (c) The reverse
of the outer magnetic field between 2 kOe and —2 kOe. (d) The magnetoelectric current, polarization, and coupling coefficients of
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field sweeping program was set between —2 and 2 kOe with
the rate of 80 Oe/s.

The ME currents of BaSrCo,_,Cu,Fe;; AlOy; in Fig. 6(b)
exhibit sharp peaks under zero magnetic field, which demon-
strated that magnetically controllable ferroelectricity occurred
in BaSrCo,_,Cu,Fe ;AlO,, at 78 K. The magnetoelectric
polarization can be obtained by integrating the ME currents
with time expressed [31] as

P— f 1ds. @)

The magnetoelectric coupling coefficients (o) can be ob-
tained by the derivative of P with respect to H according to
the definition [32]

_ap

“=_ 5)

It was found that introducing Cu®* into the ce-
ramic effectively tuned the magnetoelectric coupling
in BaSrCo,_,Cu,Fe{1AlO». When x < 0.5, the ME
currents of BaSrCo,_,Cu,Fe;1AlO, (x < 0.5) increased
compared with BaSrCo,Fe;;AlO». When x=0.5,
BaSrCo 5CugsFe;;AlOy, showed the largest ME current
of 23uA/m? as shown in Fig. 6(d) and Table I. When
x > 0.5, the ME currents of BaSrCo,_,Cu,Fe;;AlOy,
trended lower more gradually than the ME currents
of BaSrCo;sCugsFe;1AlO;. Owing to the excellent
ME currents in BaSrCo; sCugsFe;;AlO,,, the largest
magnetoelectric polarization of 35uC/m? was achieved in
BaSrCoj 5Cug sFe 1 AlOy, as shown in Figs. 4(b) and 6(d). It
is exciting to see that the polarization changed rapidly around
the coercive fields [33], and the maximum magnetoelectric
coefficient of o = 4496ps/m was obtained approaching to
zero magnetic field in BaSrCo; 5sCug sFe;; AlO,; as shown in
Figs. 4(c) and 6(d).

Such a low magnetic field induced magnetoelectric perfor-
mance makes the ceramic promising in practical applications.
Many crystals showed excellent magnetoelectric polarization
performance under high magnetic fields [8,33—44] as pre-
sented in Supplemental Material Table S3 [22]. For example,

as reported by Kim er al., the occurring magnetoelectric
coupling performance of Ni3TeOg needs a magnetic field up
to 520 kOe [34], which was undesirable for the material’s
application. The prepared Y-type BaSrCo, sCugsFe;;AlOy,
only requires such low external magnetic field (around
2 kOe) to induce an excellent magnetoelectric current of
23 uA/m?, magnetoelectric polarization of 35uC/m?, and
magnetoelectric coupling coefficients of 4496 ps/m in the
low temperature of 78 K. BaSrCo; 5CugsFe;; AlOy; could
be applied to conceive and design magnetoelectric functional
devices.

The ME current and P in Figs. 6(a), 6(b), and Supplemental
Material Figs. S8 and S9 [22] exhibited a flipping feature by
reversing the external magnetic field back and forth. More-
over, the ME current and P presented symmetrical switching
performance under a periodically alternating magnetic field
up to 2 kOe at 78 K. The direction of P also changed with
reversing the external magnetic field, shown in Fig. 4(b). P
of BaSrCo,_,Cu,Fe;|;AlOy, changed rapidly in the low-H
region (below 2 kOe), corresponding to the paraelectric to fer-
roelectric phase transition with decreasing external magnetic
field. The peaks of ME currents (see Supplemental Material
Fig. S6 [22]) around zero magnetic field were proof of tran-
sition from paraelectric to ferroelectric phases, which can be
explained changes in magnetic structures. One sees that under
arelatively high magnetic field range (2-20 kOe), the samples
were apparently with collinear ferromagnetic structure, which
cannot induce the magnetoelectric current (see Supplemental
Material Fig. S8 [22]), therefore, materials stay in the para-
electric phase. With the magnetic field decreasing to near 2
kOe, the ceramics seem to be in longitudinal conical magnetic
structure, which cannot evoke the magnetoelectric current,
thus, the hexaferrites also remain in their paraelectric phase.
The specimen’s magnetic structures gradually transition to
transverse-conical screw under zero magnetic field, which can
induce the maximum magnetoelectric current, namely, the
samples remain in their ferroelectric phase. It was noted that
magnetoelectric polarization experiences fatigue attenuation.
In order to further illustrate the relationship of maximum
polarization with the sweeping times of magnetic fields, the
P decaying feature in BaSrCo,_,Cu,Fe;; AlO,, was fitted to
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x=0.5
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4000 6000

1(s)

0 2000

FIG. 7. The decayless magnetoelectric current (a) and mag-
netoelectric polarization (b) of BaSrCo; 5CugsFe;AlOy. (c) The
decayless maximum magetoelectric polarization value.

the decaying curves in Fig. 7 and Supplemental Material Fig.
S10 [22] by the following expression [45]:

Py = Py + Ame_n/lm s (6)

where P,, represents the maximum polarization value, P,
is a constant, and A,, and ¢, represent the attenuation con-
stants with the cycling times (n). The fitted curves were
depicted in Supplemental Material Fig. S11 [22]. The fatigue
attenuation phenomenon exhibited frustrated behaviors with
increasing Cu’*. The frustrated decreasing trend occurred
in BaSrCo; ;CuggFe;;AlOy, and was fitted to the following
formula:

y = 1.40 + 7.01e /15100, (7)

(a)

0° 30° 60°

x=0.5

30 F

[ e 90° - 120° e 150° e 180°

EL . 1 x 1 a 1 a 1

-2 -1 0 1 2
H (kOe)

Although the BaSrCo; CuggFe;;AlOy; composition ex-
hibited the worst frustrated attenuation, the P value in
BaSrCo,; ;CugoFe; AlOy, tended to a constant of 1.4 uC/m?,
when sweeping cycles n tended to infinity with the in-
creasing of magnetic fields. This demonstrated that the P
reversion still exists, namely, such reversion is intrinsic in
BaSrCo,_,Cu,Fe;;AlO,;, with as high as 14.9 uC/m? polar-
ization value with the sweeping cycles approaching to infinity.

Magnetoelectric polarization versus external magnetic
field at different angle (8) between the direction of the elec-
trodes’ surfaces and the external magnetic field are depicted
in Fig. 8 and Supplemental Material Fig. S12 [22].

The schematic diagram for the measurements of mag-
netoelectric polarization changing with angle () is vividly
depicted in Supplemental Material Fig. S13 [22]. It is seen
that magnetoelectric polarization gradually decreased with the
angle changing from 0° to 90°, reaching the least polatiza-
tion value at 90°. And then, the magnetoelectric polarization
gradually increased in the opposite direction with the angle
changing from 90° to 180°. It is noted that magnetoelectric
polarization in the angles range of 180°-360° showed similar
behavior as that for the angle range from 0° to 180°. It is
no surprise that the least polarization value was when the
magnetic field was perpendicular to the two electrodes. Such
an angle dependence no doubt offers flexibility in practical
applications.

C. The impact of Cu>* doping on magnetoelectric performances
of BaSrCoz_xCuxFel 1 A1022

As  aforementioned, introducing Cu?>* to the
BaSrCo,_,Cu,Fe1AlO» (0 <x < 1) ceramics has a
significant influence on its ME performance, which
can be experimentally demonstrated by the samples’
magnetodielectric  performance, leakage current, and

magnetoelectric polarization performance [3].

(b)

30k 210°

180° 240°  x=0.5

[ e 270° 300° 330° e===360°

kL . 1 . 1 . 1 . 1

-2 -1 0 1 2
H (kOe)

FIG. 8. The magnetoelectric polarization changing with angles between the direction of electrodes connection and external magnetic field
in BaSrCo, 5Cuy sFe ; AlO,, corresponding to the angles between (a) 0° and 180° and (b) 180° and 360°.
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First, compared with BaSrCo,Fe;; AlO;,, the samples’ ML
greatly decreased when the doped Cu®*™ was over 0.3. So,
the samples’ insulation degree was enhanced, which benefits
the samples’ magnetoelectric coupling performance. When
the doped Cu* was over 0.5, the samples’ magnetodielectric
response degree decreased, which was not beneficial for the
samples’ magnetoelectric coupling performances. The sam-
ples’ insulation degree first greatly decreased (x < 0.3) and
then gradually increased (x > 0.5) reflected by the first greatly
decreased leakage current (x < 0.3) and the gradually in-
creased leakage current (x > 0.5). The large insulation degree
benefits the samples’ magnetoelectric coupling performance.
So, from the samples’ magnetodielectric and leakage cur-
rent performances, the introduced moderately doped Cu’*
benefits the improvement of the samples’ insulation degree
and magnetodielectric response to contribute to the samples’
magnetoelectric polarization performances.

Furthermore, P can also be enhanced with the properly
doped Cu®" (x < 0.5). For x = 0.5, the largest P was also
obtained in BaSrCo; 5Cuq sFe;; AlOy;. Once raising the dop-
ing Cu®* concentration further beyond x > 0.5, the P value
in BaSrCo,_,Cu,Fe;;AlO;; gradually decreased. It is quite
exciting to the samples’ excellent magnetodielectric per-
formance, and the samples’ low leakage current and large
magnetoelectric polarization performances occurred at the
Cu*"-doped composition of x = 0.5.

In fact, the magnetoelectric polarization can be determined
by the inverse Dzyaloshinsky-Moriya interaction mechanism
by the following expression [46]:

P=Aay " kx i x fis, ®)

ij

where k is the propagation vector and A is a scalar determined
by the superexchange interaction [46]. The interaction coeffi-
cient (A) has a proportional relationship with the interaction
effects of /ZL and s [44]. Therefore, P is proportional to
A and the magnetic moments. With the increase of Cu’"
(decrease of Co*™), the crystal’s magnetic moments gradually
decreased, reflected by the decreasing saturation magnetiza-
tion in Figs. 2(b) and 2(c), which were undesirable for the
magnetoelectric polarization performances. However, when
the doped Cu?t was up to x = 0.5, BaSrCo; 5sCug sFe;;AlOy,
exhibited the largest magnetoelectric polarization. Compared
with BaSrC02F611A1022, BaSrCol_SCuo_sFenAlOzz exhib-
ited reduced magnetic moments while increased P. According
to expression (8), the enhanced P can be attributed to the
enhanced A between magnetic moments. The enhanced A
may be owing to the smaller radius Cu®* (0.73A) com-
pared with the large radius Co®* (0.745 A), leading to the
dense crystal structure, confirmed by the decreasing constants
and cell volume according to the increased diffraction angles
by equation 2dsinf = ni [47]. For instance, the diffrac-
tion angles of (220) in Supplemental Material Fig. S1 [22]
presented an increasing trend with increasing Cu*, suggest-
ing the lattice constants gradually decrease with increasing
Cu’". Such decreasing lattice constants and cell volume can
result in dense ceramics and make the adjacent S and T
blocks closer. The densification of the 7" and S blocks can
in turn contribute to the enhancement of the superexchange

interaction between 1 and ps, and hence leads to the en-
hanced ME coupling performances reported by Zhai et al. [9].
Therefore, it can be concluded that the enhancement of P in
BaSrCo; 5Cuq sFe;; AlOy, can be at least partially attributed
to the doping of Cu>* with a smaller radius (0.73 A), by sub-
stituting the Co** with a large radius (0.745 10%). The enhanced
superexchange interaction then resulted in the improvement
of the ceramic’s P. However, oversubstitution of Co** with
Cu?" can cause decreasing macromagnetization, which is not
expedient for the enhancement of P. At doping ratio x = 0.5,
optimized magnetoelectric polarization performances were
reached in BaSrCo; 5Cug sFe;; AlO;;, with maximum magne-
toelectric coupling coefficients of 4496 ps/m.

IV. CONCLUSION

To summarize, Cu**-doped Y-type
BaSrCo,_,Cu,Fe1AlO, (0 < x < 1) ceramics were first
prepared, witnessing great decreasing ceramic leakage
current and strengthening the hexaferrites’ magnetoelectric
coupling upon introducing Cu’* and substituting Co>*.
Tunable magnetoelectric polarization was observed in
BaSrCo,_,Cu,Fe;;AlO;, realized under one magnitude of
order lower magnetic field, with reversibility associated
with external magnetic fields. By changing the angles
between the surfaces of two electrodes and the external
magnetic field, magnetoelectric polarization intensity can be
manipulated. It is found that Cu®* substituting for Co®* led
to decreasing magnetization in BaSrCo,_,Cu,Fe;; AlO;;.
External magnetic field induced P exhibited fatigue
attenuation behavior, frustrated with increasing Cu?t,
The samples’ insulation and magnetodielectric response
degree enhanced by moderately doped Cu’" are reflected
by the decreased leakage current, magnetodielectric loss,
and enhanced magnetodielectric response, which contributes
to the samples’ magnetoelectric coupling performance.
Further, it is evidenced that introducing Cu’t with a
smaller radius (0.73 A) to replace Co*t with a large
radius (0.745 ;\) shortens the distance between the 7 and
S blocks. Such a densification between the T and S blocks
can enhance the superexchange interaction between the

magnetic moments of s; and g, which is believed to
be behind the enhanced P, especially for the composition
BaSrCo; 5CugsFe;; AlOy,. The excellent combination of a
magnetoelectric current of 23 uA/m?, P of 35uC/m?, and
maximum magnetoelectric coupling coefficients of 4496 ps/m
obatained in BaSrCo; 5Cug sFe;; AlO;; make this family of
magnetoelectric Y-type hexaferrites highly promising in prac-
tical applications in designing nonvolatile memory devices.

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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