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Lattice modulation induced by magnetic order in the magnetoelectric helimagnet
Bay sSr1.5Zn,Fe;;0;;

T. Asaka,">3 X. Z. Yu,"" Y. Hiraoka,* K. Kimoto,' T. Hirayama,” T. Kimura,* and Y. Matsui'

' Advanced Nanocharacterization Center, National Institute for Materials Science (NIMS), Tsukuba 305-0044, Japan
2Nanostructures Research Laboratory, Japan Fine Ceramics Center (JECC), Nagoya 456-8587, Japan
3Department of Materials Science and Engineering, Nagoya Institute of Technology, Nagoya 466-8555, Japan
*Division of Materials Physics, Graduate School of Engineering Science, Osaka University, Toyonaka 560-8531, Japan
(Received 6 March 2011; revised manuscript received 11 April 2011; published 26 April 2011)

By means of an electron diffraction technique, crystal-lattice modulations were investigated for a hexaferrite,
Bay 5Sr; 5Zn,Fe ,0,,, showing a helimagnetic order below 7y = 320 K. We observed a lattice modulation with a
wave vector Q@ = (0,0,38) below Ty. The value of § varies between ~0.23 and 0.5 as a function of temperature and
corresponds well to that of the magnetic modulation vector. By applying magnetic fields, Bay sSt; 5Zn,Fe 20
was found to exhibit successive changes in the lattice modulation, accompanied by the modifications of the
helical magnetic order. We concluded that the observed lattice modulation is induced by the helical magnetic

order via exchange magnetostriction.
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The magnetoelectric (ME) effect observed in some spiral
magnets'™ is of great interest because it is attributed to the
strong coupling between ferroelectricity and magnetic order.
In such ME materials, the emergence of macroscopic electric
polarization is widely believed to result from charge mod-
ulations driven by the spin-current mechanism, also known
as the inverse Dzyaloshinskii-Moriya (DM) interaction.®’
This mechanism can interpret the electric polarization with
a modulation wave vector of @ = 0 in spiral magnets with
cycloidal components. In addition to the spin-current mecha-
nism, the conventional magnetostriction sometimes cooperates
in inducing the electric polarization, though it depends on the
local structure and commensurability to the lattice.’"!* The
charge modulation with @ # 0 can also arise, depending on
the configuration of magnetic ordering by this mechanism. Itis
important to note that every charge modulation is accompanied
by lattice modulations. In fact, the lattice modulations with
0 # 0 have been observed by means of synchrotron x-ray
diffraction.''=!> Such lattice modulations sometimes connect
to or coexist with collective atomic displacements related
to the electric polarization in the ferroelectric phase. In the
ME materials, the lattice modulations coupled with magnetic
ordering are likely to arise from the same microscopic
mechanism as the electric polarization.

The discovery of the ME effect in a Y-type hexaferrite,
Ba,_,Sr,Zn,Fe|,0,,,° provided a precedent for recent studies
on various ME hexaferrites functioning even in low fields
and/or at room temperature.'*"” Kimura and co-workers®
have reported that one of magnetically induced phases in
Ba,_, Sr,ZnyFe 7,05, (x = 1.5) exhibits ferroelectricity at low
temperature. Furthermore, it is worth noting that the magnetic
order in the phase, by which the ferroelectricity is induced,
persists up to 320 K. This suggests that the hexaferrites are
promising materials for room-temperature giant ME effects.
The fundamental crystal structure of Ba,_,Sr,Zn,Fe 50,
belongs to the space group R3m, as shown in Fig. 1(a).??!
This system exhibits various magnetic structures, such as
ferrimagnetic (for x ~ 0) and antiferromagnetic (for x ~ 1)
structures, with a function of the Sr concentration x. Particu-
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larly, in the medium range of x, a helical magnetic structure
appears.”>?3 The helical magnetic structure in this system has
often been considered as an alternating stacking of the large
magnetic moment (L) and the short moment () blocks along
the ¢ axis, having a constant turn angle ¢ [Figs. 1(a) and 1(b)].
The turn angle ¢ varies with changes in x and temperature.
According to neutron-diffraction studies on this system by
Momozawa et al.,”>** for x = 1.496 (i.e., x ~ 1.5), 8, in the
magnetic modulation wave vector @, = (0,0,38,,) varies with
a function of temperature. Here, the turn angle ¢ is defined
by the relationship of ¢ = 2nd,. Moreover, by applying
magnetic fields perpendicular to the ¢ axis, the magnetic
modulation varies successively in the modulation vectors from
incommensurate to 6, = 1/4 commensurate modulations and
with further increasing magnetic fields through the §,, = 1/2to
the 8, = 1 modulations.?>? The proposed magnetic structures
corresponding to those are the following: the helix and
the modified helix (for incommensurate modulations); the
intermediate I (for §,, = 1/4), intermediate II (for §,, = 1/2),
and intermediate III (for §,, = 1/2) phases; and the collinear
ferrimagnetic (for &, = 1) phases, respectively, as shown
in Fig. 1(c). It has been found that substantial ferroelectric
polarization appears in the intermediate III phase.’

In this work, we investigated lattice modulations in the
ME hexaferrite Bag 5Sr; 5Zn,Fe;0,; by means of electron
diffraction. Detailed measurements in wide temperature and
magnetic-field regions revealed that the system has lattice
modulations induced by the helical magnetic order via ex-
change magnetostriction.

Single crystals of BagsSr; sZnyFe ;0. were grown by a
flux method, following Ref. 26. For measurements of electron
diffraction, the crystals were cut into thin plates with the ¢
axis on wide surfaces and thinned by mechanical grinding
and Ar" ion sputtering. The specimens were examined
using two transmission electron microscopes, a conventional
electron microscope, and a Lorentz electron microscope for
magnetic-field and field-free measurements, respectively. Both
microscopes were operated at 300 kV. During the magnetic-
field measurements, magnetic fields normal to the thin plate,
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FIG. 1. (Color online) Schematic representation of (a) the crystal
and (b) the magnetic structures of Ba,_,Sr,Zn,Fe|,0,. In (a), the
L and S denote the large and small magnetic moments, respectively.
They correspond to arrows in (b). (c) Proposed magnetic structure
models for the evolution of the L and S magnetic moments by
applying magnetic fields.?>?

that is, perpendicular to the ¢ axis, between 0 and 2 T were
applied using pole pieces of an electromagnetic objective lens
of the conventional electron microscope.?’ Note that in this use
of the conventional electron microscope, the magnitude of the
magnetic field in a low-field range might be underestimated
because of the residual field of the pole pieces of the objective
lens.

First, we show in Fig. 2(a) a typical electron diffraction
pattern at a low temperature (7 = 19 K) obtained without
magnetic fields. We can recognize sharp weak superlattice
reflections along the ¢* axis, as indicated by arrows, as well as
strong fundamental reflections. The superlattice reflections in
the electron diffraction patterns are observable below 320 K
and reveal incommensurate modulation wave vectors Q, =
(0,0,3685). The value of & varies continuously between ~0.23
and 0.5, as a function of temperature, as shown in Figs. 2(b)—
2(f). In Fig. 2(g), we plotted the temperature dependence of J
as well as that of 6, reported in Ref. 24. We can recognize that
the value and temperature dependence of & coincide well with
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FIG. 2. (Color online) (a) [110]-zone electron diffraction pattern
of BagsSrisZn,Fe|;0y,, obtained at 19 K. Arrows indicate the
superlattice reflections. Inset shows the magnified image obtained
from the boxed region. The contrast of the inset image was
adjusted to facilitate visualization. Temperature profiles of the 00/
systematic electron diffraction were obtained at (b) 310 K, (c¢) 300 K,
(d) 200 K, and (e) 90 K. (f) The magnified images obtained from
the boxed regions in panels (b)—(e). The contrast of each image
was independently adjusted. (g) Temperature dependence of §; in
the lattice modulation wave vector Q. = (0,0,34;). Temperature
dependence of §,, reported in Ref. 24 is also shown.

those of &, over the measured temperature range. Note that
the superlattice reflections observed in the electron diffraction
are generated strictly from the lattice modulation. Thus, in
this compound, the crystal lattice is modulated along the ¢
axis with the same periods as helical magnetic orders. The
lattice modulations are related to the magnetic modulations
with O, = Q,, in this system.
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FIG. 3. (Color online) The 00/ systematic electron-diffraction
patterns obtained in the magnetic fields of (a) 0T, (b) 0.26 T, (¢) 0.81 T,
and (d) 1.97 T. These were obtained at 200 K. Arrows indicate the
superlattice reflections. Lower right panels of the respective figures
show magnified images around the superlattice reflections. Magnetic-
field dependences of &, are shown at temperatures of (e) 200 K,
) 150 K, (g) 80 K, and (h) 20 K. (i) Phase diagram of
Bay5Sr; 5Zn,Fe ;0y,, regarding the lattice modulation and temper-
ature. Regions «, §, ¥, and § correspond to the incommensurate,
8, = 0.25, 8, = 0.5, and §; = 0 or 1 phases, respectively.

The lattice modulation was found to be variable by
applying magnetic fields. As a typical example of the
modulation behavior, in Figs. 3(a)-3(d), we show the 00I-
systematic electron diffraction patterns at 200 K, obtained
in various magnetic fields. At this temperature, the mod-
ulation wave vector is incommensurate with §; ~ 0.29 in
zero fields. When a magnetic field is applied, the §; value
approaches 0.25, which indicates the commensurate lattice
modulation. Concomitantly with reaching s = 0.25, the
superlattice reflections with §; = 0.5 appear [Fig. 3(b)].
Here, we cannot decide whether the §; = 0.5 superlattice
reflections are of unique @ or the second orders of the
ds = 0.25 superlattice reflections. By further increasing the
magnetic field, the s = 0.25 superlattice reflections vanish,
while the §; = 0.5 superlattice reflections remain [Fig. 3(c)].
Eventually, the §; = 0.5 superlattice reflections also vanish by
applying a magnetic field of ~1.4 T [Fig. 3(d)]. In Figs. 3(e)—
3(h), we plotted the §; values as functions of magnetic fields
at various temperatures. Thus, we found that the application
of magnetic fields causes successive phase transitions (the
incommensurate — the §; = 0.25 commensurate — the §; =
0.5 commensurate — the §; = 0 or 1 phases). This behavior is
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quite similar to that of the magnetic modulations in magnetic
fields as described above [Fig. 1(c)].

Figure 3(i) shows the phase diagram representing the lattice
modulations in magnetic fields. In Fig. 3(i), we plotted the
phase boundaries, which were determined from the field
dependences of the §; values. Here, the phase boundaries in
the low-field range (<0.5 T) may be inaccurate, as mentioned
above. Taking this into account, we consider the phase diagram
of the lattice modulation to be similar to the phase diagrams
of the magnetic phases, as reported in Refs. 3 and 23. Note
that one cannot distinguish between the intermediate II and III
magnetic phases from the lattice modulation, because the both
phases commonly exhibit the §; = 0.5 lattice modulations.

Finally, we discuss the origin of the observed lattice
modulations. The lattice modulations with @, = Q. can be
presumed to resemble the lattice modulations of holmium?®
and dysprosium® in magnetic fields. These rare-earth metals
are known to exhibit fan’® or helifan?' spin structures in
certain magnetic fields, while the proper screw (helix) spin
structures appear in zero fields. The lattice modulations
induced by the fan and helifan spin structures are interpreted
with the conventional exchange magnetostriction.?®?” In these
cases, the local magnetostrictions related to the local spin
arrangements, where the scalar product §; - §; is spatially
modified periodically with the same modulation vector as @,
occur on the crystal lattice.’ This mechanism can account
for the modified helix and intermediate (fan) phases in the
present Y-type hexaferrite in magnetic fields. This assumption
is supported by an intensity variation of the superlattice
reflections for the cooling procedures in regard to magnetic
fields. Figure 4(a) shows intensity profiles of the superlattice
reflectons 009 £ 4, in 0.01 T at 80 K. The profiles represented
with the solid and dashed lines are for the reflections obtained
through zero-field cooling and field (0.01 T) cooling processes,
respectively. When the sample was cooled in the magnetic
field, intensities of the superlattice reflections were obviously

O

! Field cooling
| o Zero-field cooling

Intensity (arb. units)

L | ! |
8.0 85 9.0 95 0.0
00/ (r.l.u.)

o

©
T

>
T

/4

I ! !
0.02 0.04 0.06 0.08 0.10
Magpnetic Field (T)

Blc
T=20K ]|

Magnetization (ug/f.u.)
S
T

~
T

=

FIG. 4. (Color online) (a) Intensity profiles of the electron
diffraction around the 009 reflection along 00/ in 0.01 T at
80 K. Solid and dashed lines are profiles for field (0.01 T) cooling
and zero-field cooling procedures, respectively. (b) Magnetic-field
dependence of magnetization of Bay 5Sr; 5Zn;Fe;;0,,. The magnetic
fields perpendicular to the ¢ axis were applied at 20 K.
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stronger than that in the case of the zero-field cooling process,
though the §; values are almost the same. This suggests that
coherent order of the magnetic moments, which is exhibited
in the field cooling process, enhances the lattice modulation.
This enhancement of the superlattice reflections can support
the above assumption. However, this model is inapplicable to
the proper helix magnetic structure in zero fields, because the
turn angle ¢ is constant; that is, there is no spatial modification
of the scalar product along the helical axis. Regarding this
contradiction, we speculate that a ferromagnetic component
exists in the helix phase, even when the sample is in zero
fields. In fact, we observed finite remanent magnetization in the
magnetization curve at low temperature, as shown in Fig. 4(b).
We consider the magnetic ground state of the present Y-type
hexaferrite to be a distorted helical magnetic structure with the
ferromagnetic component within the ab plane rather than the
proper helical one.

In conclusion, we observed lattice modulations connected
with magnetic modulations of helimagnetic ordered structures
in magnetoelectric Bags5Sr; 5ZnyFe;205. The modulation
of crystal structure varied with the same wave vectors as
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that of the magnetic one as a change in temperature and
with application of magnetic fields. We concluded that the
lattice modulations were induced by the magnetic orders via
exchange magnetostriction. Incidentally, the lattice modula-
tion in the ferroelectric phase (intermediate III phase) was
unveiled. The assumed exchange magnetostricion would not
connect directly to the electric polarization. However, it might
prepare the path to the ferroelectric phase. We expect to
study the structural analysis, including the lattice modulation
in the ferroelectric phase, in the future. Furthermore, our results
that the superlattice reflections are observable in the electron
diffraction provide the possibility for real-space observations
of the lattice modulation in the helical magnet by electron
microscopy.
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