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We report here an enhanced magnetoelectric effect in a Y-type hexaferrite Ba0.5Sr1.5Zn2Fe12O22

with Fe3þ ions partially substituted by magnetic Cr3þ ions (i.e., BSZFCO). The direct magnetoelec-

tric effect is persistent up to 250 K, with the maximal susceptibility of �1309 ps/m at 75 K. More

importantly, the pronounced non-zero electric polarization at zero magnetic field and four magneto-

electric states induced by different initial poling fields make it quite unique to serve in a magneto-

electric device. The stability of the direct (inverse) magnetoelectric effect is confirmed by the

nonvolatile behavior in response to the cyclically sweeping magnetic (electric) fields. Our studies

provide an insight into the nontrivial properties of BSZFCO, which are promising for multiferroic

applications. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4989999]

Multiferroic materials, with coupled magnetization and

electric polarization, have attracted great attention in recent

years for potential applications of next-generation functional

materials.1–5 Since the first discovery of the magnetoelectric

(ME) effect in Cr2O3,
6 plenty of single-phase systems have

been proved to possess ME effects, such as TbMnO3,1

BiFeO3,2 CoCr2O4,
5 etc.7,8 However, the occurrence of magne-

toelectric effects usually requires low temperatures and high

magnetic fields, which prevents further development in practi-

cal use.1,5,9–14 Therefore, intensive efforts have been devoted

to searching for new room-temperature multiferroic materials

whose electric polarization can be driven by a low magnetic

field, i.e., with a large magnetoelectric response.9–13,15–17

Thanks to the helical spin ordering at high temperature

and the more insulating nature, hexaferrites become potential

candidates to possess the room-temperature ME effect.15,17

According to crystal structural constitution, hexaferrites can

be classified into six types, i.e., M-type (Ba, Sr)Fe12O19,

Y-type (Ba, Sr)2Me2Fe12O22, Z-type (Ba, Sr)3Me2Fe24O41,

W-type (Ba, Sr)Me2Fe16O27, X-type (Ba, Sr)2Me2Fe28O46,

and U-type (Ba, Sr)4Me2Fe36O60, where Me represents diva-

lent metal ions.8 Among these systems, the Y-type hexaferrites

are of particular interest for their promising multiferroic appli-

cations at high temperatures.17 In 2005, Kimura et al. first

reported the ME effect in Ba0.5Sr1.5Zn2Fe12O22 (BSZFO).9

However, the ME effect was only observed below 130 K

because of its low resistance, and a relatively high magnetic

field was required to induce the electric polarization.9 In 2010,

Chun et al. found that a small proportion of replacement of

Fe3þ in BSZFO using non-magnetic Al3þ (i.e., BSZFAO) can

significantly improve the magnetoelectric response, with a ME

susceptibility up to 2.0� 104 ps/m at 30 K.12 Unfortunately,

the room-temperature ME effect was not realized in BSZFAO.

More recently, BaSrCo2–xZnxFe11AlO22 (BSZCFAO, x¼ 0

and 0.4) has been reported to exhibit a room-temperature ME

effect, and the maximum inverse ME coupling coefficient is

400 ps/m under a bias magnetic field of 13 Oe.17

Nevertheless, there are still some key issues existing.

The stabilization of the magnetically induced ferroelectric

phase at zero magnetic field and room temperature is one of

the important issues for memory device applications.9–13,16

The inverse ME effect (i.e., magnetization controlled by an

electric field) is another important issue for information stor-

age, which is however rarely realized in a single-phase mul-

tiferroic material.17–20 In order to address these problems, it

is necessary to try more methods, including the replacement

at the Fe site with magnetic ions. The substitution with mag-

netic ions can definitely modulate the magnetic ordering and

further tune the magnetoelectric effect, in view of the strong

coupling of the magnetic structure and magnetoelectric

effect in this system.9,10,12,13,17,21,22 Hence, the magnetic

doping would provide a playground to improve the ME

effect, especially the feature at room temperature and zero

field, and facilitate the understanding of the ME mechanism.

In this letter, we use the magnetic Cr3þ ions to partially

replace Fe3þ ions in Y-type hexaferrite BSZFO. We find that

the polycrystalline Ba0.5Sr1.5Zn2Fe11.4Cr0.6O22 (BSZFCO)

reveals an enhanced magnetoelectric coupling effect up to

250 K. More importantly, once polarized, the non-zero elec-

tric polarization (without magnetic field) is quite stable with

time but easily switched by a relatively low magnetic field. In

addition, four different poling fields can induce four distin-

guishable stable magnetoelectric states at 100 K without the

bias magnetic field. The stability of the direct (inverse) ME

effect is confirmed by the nonvolatile behavior in response to

the cyclically sweeping magnetic (electric) fields. All the non-

trivial properties make BSZFCO a very promising system to

serve in a low-switching-field magnetoelectric device.
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Polycrystalline BSZFCO was synthesized by conven-

tional solid state reaction. High-purity powders of SrCO3,

BaCO3, ZnO, Cr2O3, and Fe2O3 were weighed in stoichiome-

try and thoroughly ground, followed by calcining at 950 �C
for 24 h. The powders were then milled again, pressed into

pellets, and sintered in air at 1150 �C for 16 hours. Finally, the

sample was annealed in an oxygen atmosphere at 900 �C for

48 hours to improve the quality. In order to check the crystal

structure, powder X-ray diffraction (XRD) was taken on a

Rigaku-TTR3 X-ray diffractometer using Cu K radiation. The

magnetic measurements were carried out on a Magnetic

Property Measurement System, and the electrical measure-

ments were performed on a home-built Multi Measurement

System on a Janis 9 T magnet. In order to perform the magne-

toelectric measurements, the sample was polished into thin

plates (3� 4� 0.47 mm3) and gold was deposited as electro-

des. The poling electric field was applied by using a Keithley

2410 sourcemeter, and the magnetoelectric current was col-

lected by using a Keithley 6517B electrometer. The electric

polarization (P) was obtained by integrating magnetoelectric

current with time.

As shown in Fig. 1(a), the unit cell of BSZFO consists of

FeO6 octahedrons (Oh) and Fe/ZnO4 tetrahedrons (Td). The

magnetic structure can be described by alternatively arranged

L and S blocks, where L and S represent large and small mag-

netic moments,9 respectively. The XRD pattern taken for the

Cr-doped sample [Fig. 1(b)] is consistent with the space group

R3m,13,17 except a minor impurity phase of Fe3O4 (marked

with red asterisks).23 However, the existence of tiny Fe3O4

would not change our following discussion or conclusions for

its low ferroelectric transition temperature (i.e., 38 K).24,25

Figure 1(c) shows the magnetization as a function of tempera-

ture taken at a field of 100 Oe. We can clearly see that both

the zero-field-cooling (ZFC) and field-cooling (FC) curves

have a sharp peak at about 274 K (TP), indicating a magnetic

transition. The sample has a magnetic ground state of the heli-

cal spin structure below 274 K, as evidenced by the stepwise

increase in M–H curves [inset of Fig. 1(c)] before reaching the

saturated magnetization.9,10,12,13 A similar feature has been

also found in BSZFO and the Al-doped Y-type hexaferrite

(and other hexaferrites), in which the magnetoelectric effect is

observed below the transition temperature TP.9–13,15,17

In order to study the magnetoelectric effect in BSZFCO,

the magnetoelectric current driven by a magnetic field was

measured at different temperatures. The measurement geom-

etry is illustrated in the bottom inset of Fig. 2(a). The sample

was first polarized by a poling electric field ofþ0.5 MV/m

under a magnetic field of �20 kOe. Then, the poling electric

field was turned off at H¼�2 kOe. After a 40-minute short

circuit, the ME current was collected with a sweeping mag-

netic field from �2 kOe to 30 kOe at a rate of 75 Oe/s. Figure

2(a) shows the electric polarization as a function of the mag-

netic field (P-H) at 10, 100, and 250 K, obtained by integrat-

ing the ME current with time. Two distinct features can

be seen in Fig. 2(a). First, the electric polarization reaches

its positive maximum at zero magnetic field for T¼ 10 and

100 K. The rectangular-like P-H loop taken at 100 K [top inset

of Fig. 2(a)] suggests that the electric polarization is very sta-

ble at zero magnetic field, which is important for ferroelectric

applications.26 This feature has not been observed in other

Y-type hexaferrites.9,10,12,13,16,17 BSZFO,9 BSZFAO,12 and

BSZCFAO13,17 show no/finite electric polarization at zero

field, in which the P-H loop is not a rectangle. Second, the

direction of electric polarization at 10 and 100 K can be

reversed by a small magnetic field. For instance, with the

increase in the magnetic field, the electric polarization at

100 K decreases quickly and crosses zero at about 1.2 kOe

FIG. 1. (a) Crystal structure of Ba0.5Sr1.5Zn2Fe12O22. S and L represent the

alternative small spin state and large spin state, respectively. (b) Powder XRD

pattern of Ba0.5Sr1.5Zn2Fe11.4Cr0.6O22. Red asterisks indicate a minor impu-

rity phase of Fe3O4. (c) Temperature dependence of FC and ZFC magnetiza-

tion taken at an applied field of 100 Oe. The inset shows the magnetization as

a function of the magnetic field at 10 and 250 K.

FIG. 2. (a) Electric polarization vs magnetic field at T¼ 10, 100, and 250 K,

obtained by integrating magnetoelectric current with time. Arrows indicate

special positions corresponding to a peak or dip. Top inset: P-H loop at

100 K with –H andþE poling fields. The bottom inset shows the measure-

ment geometry. (b) The maximum ME coupling coefficient (left, filled

circles) and zero-field electric polarization (right, open circles) as a function

of temperature.
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and then reaches the negative maximum at about 3.6 kOe.

When the magnetic field is further increased, the polarization

gradually decays to zero at about 15 kOe, where the magnetic

structure enters a collinear ferrimagnetic state [see the inset of

Fig. 1(c)].9,10,12,13 The change in the sign of electric polariza-

tion by a magnetic field is rarely seen in other magnetoelectric

hexaferrites,11,15 which thus makes BSZFCO a fascinating sys-

tem to serve in a low-switching-field magnetoelectric device.

The non-zero electric polarization at zero magnetic field

extracted from the P-H curves between 10 and 250 K is dis-

played in Fig. 2(b). While the maximum polarization appears

at about 75 K, the ME effect persists up to 250 K. As shown

in Fig. 2(a), the P-H curve taken at 250 K exhibits a small

dip at about 1 kOe and two extreme points at about �1 and

3 kOe, respectively, which is different from the curves taken

at 10 and 100 K. The temperature dependent maximum ME

coupling coefficient, defined as amax¼ (aME¼ dP/dH)max, is

also calculated [Fig. 2(b)], and the maximum amax occurs at

about 75 K (�1309 ps/m).

As previously reported, the non-magnetic doping of Al3þ

ions in BSZFO reduces the in-plane magnetic anisotropy and

results in a heliconical spin state, which enhances the low-

field ME effect.12,21,22 A similar characteristic can be found

in Ba2Mg2Fe12O22 (BMFO), in which Mg2þ partially occu-

pies the octahedral Fe site and reduces the magnetic anisot-

ropy.10 The magnetic doping of Cr3þ ions in BSZFO leads to

a switchable polarization by a relatively low magnetic field

and a non-zero electric polarization state at zero magnetic

field, which is however different from the other Y-type hexa-

ferrites.9,10,12,13,17 That is to say, BSZFCO has a different

magnetic ground state with respect to the other Y-type hexa-

ferrites. According to the inverse DM-interaction model,27 the

electric polarization is zero for a perfect proper-screw or a

longitudinal conical magnetic structure, which suggests that

the magnetic ground state of Cr-doped BSZFO is not this

kind. To clearly understand this, further studies need to be

done.

As a result of the non-zero electric polarization at zero

magnetic field and the magnetic-field-induced reversible

electric polarization, BSZFCO shows great application

potential for the next-generation electronic devices. So, the

stability or robustness of the ME effect with time becomes

more important. Figure 3 presents the electric polarization

switched by a magnetic field between 63 kOe taken at

100 K. We can clearly see that the electric polarization is

reversed by the magnetic field, and the maximum polariza-

tion shows almost no decrease, suggesting a nonvolatile fea-

ture with time. Besides, with the magnetic field decreasing

from 63 kOe to zero, the electric polarization remains stable,

i.e., showing a large remanent polarization which can be

switched by a few hundred Oersteds reversing field. The

response of electric polarization is a quite standard rectangu-

lar wave, which is convenient for signal processing.

The magnetization controlled by the electric field (M-E),

i.e., the inverse ME effect, is another important issue to

check. Before taking M-E, the sample was polarized as the

following procedure: the poling fields of H¼630 kOe and

E¼60.7 MV/m were first applied, and then, the magnetic

field was decreased to 62 kOe, and simultaneously, the elec-

tric field was set to zero; at last, the magnetic field was set to

zero, and after that, the M-E loop was taken by sweeping the

electric field between 60.7 MV/m. Figure 4 shows the asym-

metric butterfly-shape M-E loops (i.e., double loops with the

crossing point slightly shifting from the original point) for

different initial poling fields. Although small, the remanent

magnetization from the hysteresis of the M-E loop at zero

electric field is meaningful for a nonvolatile random access

memory.19,28 In Fig. 4(a), both of the poling fields are set in

the positive direction (i.e.,þH andþE), and hence, the maxi-

mum magnetization appears atþE and its sign is plus, while

the magnetization at �E is slightly reduced. This fact means

that the polarization strongly depends on the initial poling

fields, again confirming the robustness of polarization. A

similar rule applies for other initial settings of poling fields

[Figs. 4(b)–4(d)]. In total, according to different poling

fields, four distinguishable magnetoelectric states can be

observed at zero magnetic field.

FIG. 3. (a) Oscillating magnetic fields, (b) magnetoelectric current, and (c)

switchable electric polarization as a function of time at 100 K. The field

sweeping rate is 75 Oe/s.

FIG. 4. Electric field dependence of magnetization taken at zero H bias for

different poling fields at 100 K. Arrows indicate the direction of the sweep-

ing field (0!þ1! 0!�1! 0 MV/m). The dashed line in (a) represents

the fitting curve with M Eð Þ �M 0ð Þ ¼ aEEþ 1
2
cE2.
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The M-E curve in Fig. 4(a) is further fitted to a quadratic

function: M Eð Þ �M 0ð Þ ¼ aEEþ 1
2
cE2, where aE and c rep-

resent the linear and quadratic coefficients, respectively. The

resultant quadratic coefficient (c¼ 30 ps/MV) is about three

times larger than the linear one (aE¼ 11 ps/m). This domi-

nant contribution from the quadratic term could be the reason

for the asymmetric butterfly-shape loops.18 These loops are

very different from those in BSZCFAO17,18 and BSZFAO,20

where the linear coefficient plays a key role in the inverse

ME effect and results in a single loop.

In order to check the time stability of magnetization

driven by the electric field, the magnetization is then taken by

applying a pulsed electric field. The initial poling procedure

(curves labeled with 6H and 6E) is the same as described

above. As shown in Fig. 5, with the sign change in the pulsed

electric field, the magnetization (measured without the bias

magnetic field) changes correspondingly as in Fig. 4. The

cyclically varied magnetization seems to have no loss at the

maximal value, confirming that the inverse ME effect is also

nonvolatile. Another interesting information extracted from

Fig. 5 is that the magnetization can always be modulated

(with respect to M (E¼ 0)) by the pulsed electric field no mat-

ter what the initial poling fields are (6H, 6E), which would

provide a wide platform for possible applications.

In summary, we have found an enhanced ME effect in a

magnetic Cr3þ doped Y-type hexaferrite, BSZFCO. The direct

ME effect is persistent up to 250 K, with a maximal ME sus-

ceptibility of �1309 ps/m at 75 K. The non-zero electric

polarization at zero magnetic field with low-magnetic-field

reversibility makes BSZFCO quite unique to serve in a mag-

netoelectric device. The stability of the direct (inverse) ME

effect is confirmed by the nonvolatile behavior in response to

the cyclically sweeping magnetic (electric) fields. Moreover,

four different poling fields can induce four distinguishable

magnetoelectric states under zero magnetic field at 100 K. Our

studies provide an insight into the nontrivial properties of

BSZFCO for promising multiferroic applications.
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