
Commensurate transverse helical ordering in the
room-temperature magnetoelectric Co2Z hexaferrite

Hun Changa, Hak Bong Leea, Jae-Ho Chunga,∗, Sae Hwan Chunb, Kwang Woo
Shinb, Byung-Gu Jeonb, Kee Hoon Kimb, Karel Prokešc, Slavomir Mat’ašc
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Abstract

Using single crystal neutron diffraction, we confirmed the existence of the com-

mensurate transverse helical ordering in Ba0.52Sr2.48Co2Fe24O41 upon zero-field

cooling, in which room-temperature magnetoelectric coupling has been previ-

ously observed. Its magnetic structure remained commensurate to the lattice

under the external field perpendicular to the c axis. We also found the commen-

surate ordering to be directly responsible for the electric polarization, which is

the common feature of many types of hexaferrites independently of their zero-

field orderings.
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1. Introduction

Hexagonal ferrites have long been utilized for industrial applications by

virtue of their high Curie temperatures and flexibility encompassing soft to

hard ferrimagnetic behaviors.[1] Their high magnetic ordering temperatures

are ascribed to strong superexchanges between large spin moments of Fe3+5

ions (3d5, S = 5/2) built upon the Hund’s coupling. In contrast, the hard-
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ness of a magnet is determined by magnetocrystalline anisotropy fields arising

due to unquenched spin-orbit coupling. The layered hexagonal lattices pro-

vide highly anisotropic structural symmetry contributing to significant mag-

netic anisotropy fields. Combinations of these two features in hexaferrites10

have recently led to the remarkable property observable at room temperature,

namely magnetoelectricity.[2] The magnetoelectric couplings, in which electric

polarizations appear via magnetic origin, have usually been observed at cryo-

genic temperatures since magnetic energies are typically weaker than lattice

energies.[3, 4, 5, 6, 7] It was only in the hexaferrites where the finite magneto-15

electric polarizations have been achieved at room temperature, which also allow

both magnetic-field control of electric polarization (∆P −H) and electric-field

control of magnetic polarization (M -E).[8, 9, 10]

There are several structural variants of the hexaferrites, in which Fe3+ ions

occupy crystallographic sites with either four or six oxygen coordinations provid-20

ing tetrahedral or octahedral crystal fields, respectively.[1] The initial observa-

tion of the magnetoelectric polarization was realized in the Y-type Ba0.5Sr1.5Zn2Fe12O22

(Zn2Y) well below room temperature when an external magnetic field was ap-

plied perpendicularly to the c axis.[11] Its zero-field magnetic structure is pla-

nar helical with incommensurate pitches to the lattice,[12] for which the inverse25

Dzyalishinskii-Moriya mechanism should not generate finite electric polarizations.[13,

14] Since the planar structure suggests significant easy-plane anisotropy field

within ab (or c) planes, fairly strong magnetic field (> 0.2 T) perpendicular to

the c axis was required to induce the electric polarization.[11] The magnitude of

the onset field could be reduced by more than an order of magnitude upon re-30

placing a few percent of Fe3+ ions with Mg2+, Co2+ or Al3+ ions.[15, 16, 17, 18]

The resultant reduction of the easy-plane anisotropy simultaneously caused

the magnetic ordering to become heliconical with the net moment along the

c axis.[16, 19] Finite magnetoelectric polarizations appear when the helicones

tilt off the c axis under the external field.[15, 20] Commonly in different types35

of hexaferrites, these transverse heliconical orderings are usually found to be

commensurate to the structural lattices.[16, 20, 19, 21, 22]
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Recently, the room-temperature magnetoelectric coupling was realized in a

different type of hexaferrites, namely the Z-type (Ba,Sr)3Co2Fe24O41 (Co2Z).[8,

9] Its crystal structure also consists mainly of stacked layers of tetrahedral and40

octahedral Fe3+ sites shared by Co2+ (3d7) ions. The high-temperature mag-

netoelectric coupling is ascribed to magnetic Co2+ (3d7) ions contributing to

enhancing the electronic exchange strength. As depicted in Fig. 1(a), its struc-

tural layers may be grouped into a few blocks, in each of which spin orientations

are expected to be internally collinear similarly as in the Y-type.[18] Whereas45

the smaller S blocks are identical, the larger L block of the Z-type is twice

thicker than the counterpart in the Y-type structure. The spiral pitch is driven

by the exchange competitions near the L-S interfaces that commonly exist in

both types.[23] Contrary to the Y-type, however, the previous study based on

neutron powder diffraction suggested that no incommensurate heliconical or-50

dering existed for the Co2Z in zero field.[24] In this work, we investigated the

heliconical magnetic ordering in a single crystal Ba0.52Sr2.48Co2Fe24O41, par-

ticularly focusing on its existence upon zero-field cooling and the evolution in

the transverse magnetic field up to 3 T. We find that the magnetic ordering

remained to be commensurate throughout the field range investigated.55

2. Experimental

Single crystalline samples were grown using the flux method that is described

in Ref. [9]. The largest obtained piece (∼ 48 mg) was used for the neutron

diffraction measurements while smaller crystals with higher quality were used

for magnetoelectric measurements. Commonly in all measurements, crystals60

were cooled in zero field down to the base temperature and magnetic field was

then applied perpendicular to the c axis (‖ [1̄20]). Electric polarization (‖ [100])

was obtained by integrating magnetoelectric current measured following poling

simultaneously with +µ0Hp = 2 T and +E = 230 kV/m.

Single crystal diffraction measurements were performed at the Helmholtz-65

Zentrum Berlin für Materialien und Energie using the E4 diffractometer (λ =
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Figure 1: (a) The crystal structure of the Co2Z hexaferrites. The black solid lines enclose

one structural unit cell. The L and S are the structural blocks according to Ref. [9], in each of

which magnetic moments are assumed to be internally collinear. (b) Schematic illustrations

of the magnetic ordering in low, intermediate, and high magnetic fields, respectively. Only

the net moments of the L and S blocks, respectively, are shown.
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2.43 Å). The crystal was oriented with the reciprocal a∗ and c∗ vectors in the

horizontal scattering plane before inserting in the superconducting split-pair

cryomagnet. Diffraction intensities were collected on the position-sensitive de-

tectors by performing scans in the two-axis mode. The single crystal piece used70

for neutron diffraction measurements contained three crystallographic domains

as well as an Y-type inclusion. While the Bragg reflections from different do-

mains were well separated from each other along [0 0 l] direction, those along

[1 0 l] reflections were significantly overlapped. For this reason, we used the

two-dimensional Gaussian fitting of the collected data in order to separate their75

individual intensity contributions.

3. Results and discussions

We searched for the possible presence of incommensurate heliconical mag-

netic ordering upon zero-field cooling. Since the neutron scattering will have

non-zero cross sections only for magnetic moments perpendicular to the momen-80

tum transfer, the magnetic intensities due to incommensurate helical ordering

within the ab planes will appear along Q = lc∗ with non-integer values of l.

Fig. 2(a) shows the single crystal neutron diffraction intensities observed along

the [0 0 l] direction in the reciprocal space during zero-field cooling. From 300

K down to 10 K, we found that all observed peaks appeared only at integer85

values of l. No evidence was found for the existence of incommensurate peaks,

which is a distinct behavior with respect to the magnetoelectric Y- or M-type

hexaferrites. At the same time, overall intensities did not show any noticeable

changes within the temperature range investigated. The space group symmetry

(P63/mmc) of the Z-type crystal lattice dictates that the structural peaks are90

forbidden at 00l reflections with l = 2n+1 (n = integers). The intensities ob-

served at these wave vectors thus should be ascribed entirely to the magnetic

ordering of Fe3+ spins oriented perpendicular to the c axis. The propagation

vector of the associated ordering is k0 = (0,0,1), for which spin orientations are

reversed between two planes separated by 1
2c. This separation corresponds, for95
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instance, to the spacing between the centers of two adjacent L (or S) blocks in

Fig. 1(a).

We note that the Bragg peaks observed at l = 2n may also include magnetic

intensities as well as structural. The propagation vector of the associated mag-

netic ordering is k0 = (0,0,0), for which spins are oriented parallel between the100

above-mentioned two planes. Since the magnetic intensities could not be explic-

itly separated from the structural, instead we observed their intensity changes

under the external magnetic field and compared them with the dc magnetization

and electric polarization. Fig. 2(b) shows the neutron diffraction intensities at

10 K under the external magnetic field that was successively ramped up to 3105

T and back down to zero. It is clear that intensities observed at even l val-

ues increase under the external field indicating that the k0 component develops

accordingly. In the meantime, the intensities at odd l values decrease and fi-

nally become invisible at 3 T. No intensity was noticed at incommensurate wave

vectors under the external field as well. When the external field was ramped110

back down to zero, the diffraction intensities were recovered for both sets of

Bragg peaks. We thus conclude that the magnetic ordering remained to be

commensurate to the structure in all temperatures and fields investigated.

In order to have further insights into the magnetic ordering, in Fig. 3 we

plotted the integrated intensities of Bragg peaks under the external field. Also115

plotted are same figure are the dc magnetization (Mab) and electric polarization

(∆P ), which were measured along mutually perpendicular directions within the

ab planes. Both Mab and ∆P remained very weak at low fields, and simultane-

ously exhibited sharp increases under the external field. The neutron diffraction

intensities, however, remained almost unchanged in the low field range below120

0.05 T. (See Figs. 3(c) and 3(d), respectively.) Since it suggests little changes

in the underlying magnetic structure, the observed field dependences in this

range are primarily ascribed to in-plane rotations of the magnetic domains.

The neutron diffraction intensities finally exhibited noticeable changes when

the magnetic field exceeded 0.05 T, where a kink is observed also in Mab. The125

observed changes in this field rage indicate that the in-plane k0 component of
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the magnetic structure increased at the expense of the k1. Simultaneously, the

electric polarization approached its maximum value suggesting that the helical

component of the magnetic structure became maximized. As the magnetic field

was further increase beyond 2 T, both the intensities of (0 0 2n) reflections and130

the magnetization finally became saturated whereas those of (0 0 2n+1) reflec-

tions disappeared. We observe that the electric polarization also became zero

in this field range indicating that the heliconical magnetic ordering finally col-

lapsed and became collinear [see Fig. 1(b)]. We find that ∆P (µBH) exhibited

a dome-like maximum near 0.2 T, which is distinct from the plateau-like max-135

ima observed in Al-doped Zn2Y-type.[17] It suggests that the helical component

of the Co2Z experiences relatively weaker pinning force during the field-induce

changes near the maximum.

Since the commensurate transverse heliconical ordering must involve mag-

netic moments along the c axis in addition to those within the ab planes, we140

expect the k1 component to appear also at Bragg reflections with non-zero h

indexes. We thus also observe field-dependent changes in the integrated inten-

sity of (1 0 0) Bragg reflection, which is plotted in Fig. 3(e). Contrary to the

case of (0 0 l), this reflection includes contributions both from the k0 and k1 or-

derings that cannot be directly separated. Nevertheless, its intensity exhibited145

a field-induced decrease between 0.05 T and 2.0 T, which provides us with an

important clue. Since the k0 component must enhance in this range, the appar-

ent decrease in (1 0 0) intensity should account for the k1 component parallel

to the c axis. By combining with the zero-field observation, we thus conclude

that the transverse conical ordering exists in zero field. The associated magnetic150

structure is schematically depicted in Fig. 1(b) using the net magnetic moments

of L and S spin blocks, or µL and µS, respectively. While the k0 ordering is

ascribed to the cone axes perpendicular to the c axis, the k1 accounts for the

helical component with 90o-pitches between neighboring blocks. We suppose

that µS is more likely to be along the c axis because the S blocks contain more155

tetrahedral sites.[19] The intensity of the (1 0 0) reflection eventually was recov-

ered at higher field when the magnetization was saturated, which is consistent
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with the k0 being maximized. A similar saturation was also observed in the

(1 0 1) reflection [see Fig. 3(f).] When the magnetic field was subsequently

ramped down to zero, neutron diffraction intensities were almost fully recovered160

for all reflections as shown in Fig. 3. Although the dc magnetization showed

a weak hysteresis, the small remanent magnetization (0.34 µB/f.u.) suggests

a weak in-plane coercivity. We do not expect the associated differences to be

observable with neutron diffraction.

As mentioned previously, the commensurate transverse cones are commonly165

observed among various types of magnetoelectric hexaferrites. They appear in

all magnetoelectric phases of the Y-, M-, and U-types as well as Co2Z regardless

of initial magnetic orderings upon zero-field cooling.[22, 18, 16, 25, 26, 27] Since

the structural periods along the c axes are rather long in many hexaferrites,

the antiferromagnetic exchanges may not stabilize such commensurate helicon-170

ical orderings. For instance, 180o-pitches are expected between two ab planes

separated by 14.5 Å for the Y-type, or by 26.1 Å for the Z-type structures. It

has thus been suggested that the two distinct crystal anisotropy fields of the

spin blocks play more important roles in locking the commensurate magnetic

ordering.[19] What should then be the reason that the transverse conical or-175

dering appears immediately upon zero-field cooling in the Z-type but not in

the Y-type? We figure that it is also related to the larger structural period

of the Z-type along the c axis. Note that the angles between µL and µS are

determined by the exchange energies across the L-S interfaces as well as two

coexisting magnetic anisotropies. The former will primarily affect the in-plane180

angles whereas those off the planes are determined by the latter.[23] Since the

L and S blocks are supposed to possess net easy-plane and easy-axis anisotropy

fields, respectively,[19] in the commensurate transverse ordering µL should lie

within the ab planes while µS are tilted off (see Fig. 1). In contrast, both µL

and µS should be off the planes for incommensurate heliconical orderings to185

appear.[18] All involved spins in this case will have similar tilt angles due to

the antiferromagnetic couplings between layers, which is the case for the Y-type

upon zero-field cooling.[23, 18] For µL to be fixed in the planes while µS is not,

8



however, the tilt angles of the involved spins should gradually increase across

the L block towards the L-S interface. We suppose that such arrangement is190

achieved in the Z-type because its L block is twice thicker than in the Y-type.

This scenario is also consistent with the commensurate Bragg peaks observed in

the U-type, in which the L block is three times thicker than in the Y-type.[27]

4. Summary and conclusion

In summary, we have investigated magnetic ordering of Ba0.52Sr2.48Co2Fe24O41195

in zero and finite magnetic fields applied perpendicular to the c axis of a single

crystal sample. Magnetic Bragg peaks were observed only at commensurate

wave vectors confirming that the transverse heliconical ordering existed in zero-

field cooling. When the magnetic field was applied, the electric polarization

reached its maximum value without significant changes in the underlying mag-200

netic structures. The helical ordering finally collapsed at high fields coincidently

with the suppression of electric polarization. We argue that the thickness of the

L block is an important factor in determining the stability of the commensurate

transverse heliconical ordering in magnetoelectric hexaferrites.
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Figure 2: Neutron diffraction intensities observed along the momentum transfer parallel to

the c axis (a) at selected temperatures during zero-field cooling or (b) at selected external

fields at T = 10 K. In (b), the vertical arrow depicts the sequence of measurements during

the field ramping up or down.
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Figure 3: Field-dependent changes at 10 K in (a) dc magnetization, (b) electric polarization,

and (c-f) integrated Bragg peak intensities. The arrows indicate the directions of the magnetic

field changes during successive measurements. In (c) - (f), the empty and solid symbols

represent data measured during ramping up and down, respectively. The dash-dotted and

dashed vertical lines mark the field values discussed in the text.
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