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Y-type hexaferrites with tunable conical magnetic structures are promising single-phase multiferroics that exhibit

large magnetoelectric effects.

We have investigated the influence of Co substitution on the magnetoelectric proper-

ties in the Y-type hexaferrites Bag3Sr; 7Co,Mgyr_Fe207, (x = 0.0, 0.4, 1.0, 1.6). The spin-induced electric polar-
ization can be reversed by applying a low magnetic field for all the samples. The magnetoelectric phase diagrams of
Bag 3Sr; 7Co Mg, _Fe 207, are obtained based on the measurements of magnetic field dependence of dielectric constant
at selected temperatures. It is found that the substitution of Co ions can preserve the ferroelectric phase up to a higher
temperature, and thus is beneficial for achieving single-phase multiferroics at room temperature.

Keywords: multiferroic, magnetoelectric effect, hexaferrite

PACS: 77.80.—e, 75.85.4t, 75.50.—y

1. Introduction

The magnetoelectric (ME) multiferroic materials in
which magnetism and ferroelectricity coexist have drawn a lot
of attention for more than a decade.!'*! The coexistence of
magnetic and ferroelectric orders could enable mutual control
of magnetization by an electric field and electric polarization
by a magnetic field. Therefore, the ME multiferroics have a
great potential for developing new functional devices.[”! Al-
though a large number of ME multiferroics have been discov-

10-14] single-phase multiferroics with

ered and investigated,[
large ME effects are still very limited. Y-type hexaferrites
are considered to be one of the most promising single-phase
multiferroics due to the intrinsically coupled magnetic and

I5-18] For instance, Zhai et

ferroelectric orders at low fields.!
al. obtained the giant ME effects in the Y-type hexaferrite
Bag 4Sr; ¢MgrFe 05 at 10 K. Hirose et al.
clear ME effects at room temperature in the Y-type hexafer-
rite BaSrCo,Fe ;[ AlO,,.2Y

The Y-type hexaferrites with space group R3m have a

reported

general chemical formula of Ba,Sry_MeyFe202 (Me =
Mg+, Co**, Zn>*, etc.),l*!l whose magnetic structure con-
sists of alternating stacks of large (L) and small (S) spin
blocks along the ¢ axis,[*?! as shown in Fig. 1(a). Pre-
vious studies suggest that there are several factors that in-
fluence the ME properties of Y-type hexaferrites, such as
the annealing process, the sintering temperature, and the
ion substitution.[?>-31 Extensive studies have been performed
to investigate the effects of different ion substitutions on
the ME properties of Y-type hexaferrites.[?->°1 Tt was re-
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ported that the critical magnetic field for inducing electri-
cal polarization becomes rare low when Mg replaces Zn to
form the Y-type hexaferrite BayMg,Fe 202,.3%31 Chun er
al. showed that the low field ME properties of the Y-type
hexaferrites Bag sSr; sZny(Fej_,Al;)12022 can be efficiently
tuned by the Al-substitution level.*?) Zhai er al. reported
that Sr doping changes the magnetic transition temperature
and enhances the ME effects.!'?! Hirose et al. found that in-
creasing Co content favors high electrical resistivity.[?%>3! In
this work, we have prepared a series of Y-type hexaferrites
Bag 3Sr; 7Co,Mgr_Fe202, (x = 0.0, 0.4, 1.0, 1.6) polycrys-
talline samples, and studied the ME properties in details.

2. Experiment details

Y-type hexaferrites Bag3Sr;7CoMgy_ Fe202 (x =
0.0, 0.4, 1.0, 1.6) polycrystalline samples were prepared by
the solid-state reaction from starting materials BaCOs3, SrCO3,
Co0304, MgO, and Fe;O3. Stoichiometric amounts of powders
were thoroughly mixed and ground in an agate mortar. The
mixture was calcinated at 1000 °C in air for 14 h. After that,
the calcinated mixture was reground, pressed into pellets, sin-
tered at 1200 °C in air for 12 h, annealed at 900 °C in a flow of
oxygen atmosphere for 96 h, and cooled down slowly to room
temperature at a rate of 50 °C/h. The powder x-ray diffraction
(XRD) measurement was carried out at room temperature by
using a Rigaku x-ray diffractometer.

The samples were prepared into small plates
(~3 mmx4 mmx0.3 mm) and the silver electrodes were

painted onto the wildest faces for the measurements of dielec-
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tric response and ME currents. The dielectric constant was
measured by using an LCR meter (Aglient 4980 A) at the fre-
quency of 10 kHz. The ME currents were measured by using
an electrometer (Keithley 6517B). They were both carried out
in a cryogen-free superconducting magnet system (Oxford In-
struments, Teslatron PT). Before measuring the ME currents,
the samples were poled in an electric field E = 500 kV/m from
a high magnetic field of —50 kOe (perpendicular to the elec-
tric field) to —5 kOe at a fixed temperature. Then the electric
field E was removed and the samples were short-circuited for
about 2 h. Finally, the ME currents were measured with time
as the magnetic field scanned from —5 kOe to 50 kOe with a
sweeping rate 20 Oe/s.

3. Results and discussion

Figure 1(a) illustrates the crystalline structure of the Y-
type hexaferrites with a general formula (Ba, Sr);MesFe 2,02,
(Me = Co, Mg, Ni, etc.) whose space group is R3m.[>!1 Alter-
nating small (S) and large (L) magnetic blocks stacking along
the [001] direction form the magnetic structure. The magnetic
moments are arranged collinearly in each S and L block. Due
to the competing exchange interactions, large moments pi; and
small moments g arrange a noncolinear magnetic structure
between the blocks. Mg and Co ions partially substitute Fe
ions and have a distinct preference for the octahedral sites. [?%]
Since Co ions carry a magnetic moment, the different ratio of
Mg and Co ions will affect the magnetic structure and the ME
properties. Figure 1(b) shows the powder XRD patterns of the
studied samples at room temperature. A calculated powder
XRD pattern of the Y-type hexaferrite structure is also shown
in Fig. 1(b) for comparison. The main diffraction peaks can be
assigned to the Y-type hexagonal phase.
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Fig. 1. (a) Schematic crystal structure of Y-type hexaferrites. The mag-
netic structure consists of alternating stacks of L spin blocks (yellow)
and S spin blocks (blue) along [001] direction. (b) The powder XRD
patterns of Bag 3Sr; 7Co,Mg,_,Fe 202, samples at room temperature.

Intensity

Figures 2(a)-2(d) show the relative change of dielectric
constant Ag(h)/€(50 kOe) = [e(h) — €(50 kOe)]/€(50 kOe)
with in-plane magnetic field from —50 kOe to 50 kOe at
selected temperatures from 8 K to 300 K for each sample.
There are broad peaks at high magnetic fields for all samples,

which are often observed in other Y-type hexaferrites.[3%34]

The broad peak indicates the transition from the paraelectric
(PE) phase to the ferroelectric (FE) phase. Blow 100 K, there
is only a single peak around zero magnetic field for all sam-
ples. The magnetodielectric effects of the x = 0.0 sample at
low temperatures are much larger than those of the other sam-
ples. The single peak around zero magnetic field disappears
and the double peaks appear when the temperature increases
for x = 0.0, 0.4, and 1.0. In addition, with further increas-
ing the Co content (x), the temperature at which the single
peak appears increases. For x = 1.6, there is a single peak at
300 K, which implies the reversal of ferroelectric polarization
at room temperature. The typical M—H curves of these sam-
ples are shown in Fig. S1 of the supplementary material. The
magnetic transitions with increasing magnetic field are not ob-
vious due to the polycrystalline nature of the samples.

z=0 (a)

300 K
250

200 K

[Ae(H)/e(50 kOe)]/arb. units
;>
[Ae(H) /(50 kOe)]/arb. units

—

—40 0 40 —40 0 40

[Ae(H)/e(50 kOe)]/arb. units
[Ae(H)/e(50 kOe)]/arb. units

oH /kOe poH/kOe

Fig. 2. (a)—(d) Magnetic field dependence of the relative change of di-
electric constant Ag(h)/e(50 kOe) = [e(h) — £(50kOe)] /(50 kOe) for
each sample. The arrows indicate the direction of swept magnetic field.

Then we measured the ME current (/) as a function of the
magnetic field and obtained the electric polarization by inte-
grating I with time to confirm the spin-induced ferroelectricity,
as shown in Figs. 3(a)-3(d). The ME currents are detectable
only at low temperatures when the resistivity of the samples is
high enough to make an effective electric field poling process.
For x = 0.0, the electric polarization is measurable up to 50 K.
With increasing Co content, the samples become more insulat-
ing and the electric polarization can be measured up to 150 K.
The maximum electrical polarization reaches about 7.5 uC/m?
at 50 K for x = 0.0, 14 uC/m? at 100 K for x = 0.4, 7 uC/m?
at 150 K for x = 1.0, and 7.5 uC/m2 at 100 K for x = 1.6.
These values of electrical polarizations are smaller than those
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reported in single crystals of Y-type hexaferrites.!'”) For each
sample, the electric polarization reverses its sign when the
magnetic field is swept from negative to positive. The re-
versibility of the spin-induced electric polarization in multi-
ferroic hexaferrites has been discussed in terms of the rota-
tion path of spin cones.>>] The reversal of electric polariza-
tion upon the reversal of magnetization suggests that the spin
cones rotate in the ab plane in these samples.
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Fig. 3. (a)-(d) Magnetic field reversal of electric polarization at selected
temperatures for x = 0.0, 0.4, 1.0, and 1.6, respectively.
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Fig. 4. (a)—(d) Magnetoelectric phase diagram of Bagy 3Sr; 7Co,Mgs_Fe 1202
with x = 0.0, 0.4, 1.0, and 1.6, respectively. The phase boundaries are deter-
mined from the critical fields where the dielectric constant shows a peak with
increasing magnetic field.

The ME phase diagrams of all the samples are shown in
Figs. 4(a)-4(d), which are based on the magnetic field depen-

dence of the dielectric constant at selected temperatures. The
critical magnetic fields at which the dielectric constant shows

peaks determine the phase boundaries between paraelectric
(PE) and ferroelectric (FE). The PE phase with the collinear
magnetic structure is in the high magnetic field region. The FE
phase shows up in the low magnetic field region where coni-
cal magnetic structures exist. With increasing Co content, the
FE phase extends to higher temperatures and the critical mag-
netic field is lowered. For x = 1.6, the FE phase is expected
to be preserved up to room temperature. The M-T curve of
Bag3Sr; 7Co Mgy Fe202; (x = 1.6) is shown in Fig. S2 of
the supplementary material. The sample has a paramagnetic to
collinear ferrimagnetic transition at 7¢c ~ 760 K. The shoulder
in the M-T curve around 77 (~ 410 K) represents the mag-
netic transition into a spiral magnetic ordering.!>’! Since T; is
above room temperature, it indicates that the ME coupling can
be obtained at room temperature.

4. Conclusions

In summary, we have investigated the ME effects in mul-
tiferroic Y-type hexaferrites Bag 3Sr; 7CoMgy_Fe202; (x =
0.0, 0.4, 1.0, 1.6) and obtained their ME phase diagrams. The
electric polarization can be reversed by a small magnetic field
for all the samples at selected temperatures. With increasing
Co content, the resistivity of the samples increases so that the
spin-induced ferroelectricity is measurable at a higher temper-
ature. Meanwhile, the magnetic interaction between Co and
Fe ions may further stabilize the spiral magnetic structure. As
a result, the FE phase extends to higher temperatures with in-
creasing Co level. These results suggest that Co substitution
favors room-temperature multiferroicity in hexaferrites.
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