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57Fe NMR study of the magnetoelectric hexaferrite Ba0.5Sr1.5Zn2Fe12O22

and Ba0.5Sr1.5Zn2(Fe0.92Al0.08)12O22
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Magnetoelectric hexaferrite Ba0.5Sr1.5Zn2Fe12O22 (BSZFO) and Ba0.5Sr1.5Zn2(Fe0.92Al0.08)12O22 (BSZFAO)
were investigated by 57Fe nuclear magnetic resonance (NMR). The spin-canting angles of all NMR peaks were
measured to assign each peak to corresponding Fe3+ sites. It was revealed that the spin-canting angle of Fe3+ ions
at off-centered octahedra is fixed and Al3+ ions substitute for Fe3+ ions at those sites. The temperature dependence
of the NMR frequency indicates that the low-temperature excitation is spin wave in ferromagnetic phase.
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I. INTRODUCTION

The coupling between magnetic order and ferroelectric
order has been one of the most attractive issues in physics
and material science because of its interesting physics and,
more importantly, its potential for use in applications such
as memory devices.1–3 Among a number of magnetoelectric
materials, the hexaferrite family has been extensively studied
because it shows a relatively high ferroelectric temperature
and low switching magnetic field for electric polarization.4,5

Y-type Ba0.5Sr1.5Zn2Fe12O22 (BSZFO) is a material in the
hexaferrite family. Figure 1 shows the crystal and magnetic
structures of BSZFO. Magnetic structures of Y-type hexafer-
rites are composed of spin blocks called large (L) and small
(S) blocks revealed by neutron diffraction measurements.6

The exchange interaction between blocks is relatively weak,
whereas the exchange interaction within each block is so strong
that spin magnetic moments are nearly collinear within a block.
Octahedra at the borders of L and S blocks have off-centered
Fe3+ (denoted as off-centered octahedra in Fig. 1). BSZFO
has rich magnetic phases, as shown in Fig. 1: modified helix
(0–0.025 T), intermediate-I (0.07–0.11 T), intermediate-II
(0.18–0.3 T), intermediate-III (0.3–2.2 T), and collinear ferri-
magnetic phase (>2.2 T). Among them, the intermediate-III
phase shows magnetoelectric properties.7 Since the discovery
of ferroelectricity in BSZFO, an important improvement was
achieved by 8% Al doping. Ba0.5Sr1.5Zn2(Fe0.92Al0.08)12O22

(BSZFAO) shows the largest magnetoelectric susceptibility
so far, 2.0 × 104 ps/m, and its switching magnetic field is
less than 1 mT below 90 K.8 Very recently, electrical control
of huge magnetization without a magnetic field was realized
(±2 μB/f.u. at ±2 MV/m) in annealed BSZFAO.9

Nuclear magnetic resonance (NMR) is an ideal tool for
microscopic understanding of spin configuration since NMR
directly shows the local magnetic field to which nuclei are
exposed. In this study, 57Fe NMR spectra in various magnetic
fields from the modified helix to the collinear ferrimagnetic
phase were measured. NMR peak assignment was done
through the spin-canting angles of Fe3+ ions and fractional
area comparison of NMR peaks. Using NMR peak assignment,
the specific site where Al3+ ions substitute for Fe3+ ions was

clarified. The temperature dependence of the NMR frequencies
was also measured to reveal the low-temperature excitation.

II. EXPERIMENT

Single crystals of BSZFO and BSZFAO were prepared by
the Na2O-Fe2O3 flux method.10 To remove oxygen vacancies,
the samples were properly annealed.11 The annealed BSZFO
showed almost the same intermediate-III phase boundary
and Néel temperature as that of Ref. 11. Before annealing,
BSZFAO showed a very similar M(H ) curve and Néel
temperature to that of Ref. 8. The magnetic structure of the
magnetized BSZFAO remains the same as the one before
annealing.12

The static magnetic field H0, the rf magnetic field H1, and
the c axis were perpendicular to each other. The 57Fe NMR
spectrum was obtained by our homemade spectroscopy using
the standard Carr-Purcell spin-echo (π/2 - π ) sequence. When
zero-field measurements were taken, the samples were magne-
tized in a magnetic field of 400 mT for 10 min after zero-field
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FIG. 1. (Color online) Crystal structure and magnetic structures
of BSZFO. Red (long) and blue (short) arrows indicate the net spin
moments of L and S blocks, respectively.
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FIG. 2. (Color online) 57Fe NMR spectra of BSZFO in various H0

(solid circles) and the zero-field spectrum of BSZFAO (open circles)
taken around 6 K. Numbers in the 3.0 T spectrum indicate how NMR
peaks in the zero-field spectrum are split and shifted by H0. Red lines
in the zero-field spectra represent fits to multiple Gaussian functions.

cooling because BSZFO and BSZFAO should be magnetized
at least once to possess magnetoelectric properties.13 Other
data were taken after field cooling.

III. RESULTS

Figure 2 shows the 57Fe NMR spectra of BSZFO in various
H0 and the zero-field spectrum of BSZFAO. The frequency
range of spectra, between 60 and 80 MHz, ensures that the
NMR signals come from Fe3+ ions. The zero-field spectrum
of BSZFO is composed of four peaks. As H0 increases, the
shape of peak 1 becomes broadened and irregular and changes
in repeated measurements. In other words, there is no well-
defined peak 1 frequency in the region of the intermediate-III
phase. This might be because the magnetic structure of BSZFO
is continuously modified by H0 until it reaches the collinear
phase. In the collinear phase, peak 1 clearly split into two
well-defined peaks, peaks 1a and 1b. On the other hand, peak
2 showed well-defined peak frequency throughout the whole
range of H0.

FIG. 3. (Color online) NMR frequency shift of BSZFO by H0.
Lines are fits to Eq. (1). The region between the gray dotted lines
indicates the intermediate-III phase where the frequency of peak 1 is
not well defined. Frequencies of peaks 3 and 4 were not measured
above 0.8 and 1.4 T, respectively, because they superpose with peaks
1 or 2.

The spin-canting angle of each site relative to the direction
of magnetization can be obtained by tracing the shift of a well-
defined peak frequency by H0. The NMR resonance frequency
is given by the vector sum of the hyperfine field and H0 as

f (H0) = γN

2π

∣∣ �Bhf + μ0 �H0

∣∣

= γN

2π

√
B2

hf + μ2
0H

2
0 + 2Bhfμ0H0 cos (π − θ ), (1)

where γN is the nuclear gyromagnetic ratio, Bhf is the hyperfine
field which can be directly obtained from the NMR peak
frequency of the zero-field spectrum, and θ is the angle
between H0 and the electron spin magnetic moment which
is antiparallel to Bhf for transition-metal ions. Since the direc-
tion of magnetization aligns parallel to H0 in ferrimagnetic
materials when H0 is larger than the magnetic anisotropy,
θ represents the electron spin-canting angle relative to the
direction of the magnetization. Hence, if we fit NMR frequency
shifts by H0 with Eq. (1), θ of each peak would be obtained
as fitting parameters. NMR frequency shifts of BSZFO and
their fits to Eq. (1) are shown in Fig. 3. All fitting parameters
and the resulting NMR peak assignments are summarized
in Table I.

In Y-type hexaferrites, the Fe3+ ions enter six different
octahedral and tetrahedral sublattices. However, the NMR
peaks of Fe3+ ions in different sites are not well resolved
in a zero field.14 The peaks corresponding to the octahedral
sites, off-centered octahedral sites, and the tetrahedral sites
can be distinguished in magnetic fields, however, because
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TABLE I. Spin-canting angles, hyperfine fields, and correspond-
ing sites for BSZFO. Range indicates the valid H0 range of spin-
canting angles.

Peak θ (deg) Bhf (T) Site Range

1a 21 ± 15 50 octahedral >2.2 T
1b 180 ± 30 49 tetrahedral >2.2 T
2 182 ± 20 52 off-centered octahedral �0 T
3 36 ± 15 54 defects (stacking fault) �0 T
4 46 ± 10 56 defects (stacking fault) �0 T

the spin directions are different. Peaks 1a and 1b correspond
to octahedra and tetrahedra, respectively, because neutron
diffraction measurements reveal that spin magnetic moments
in octahedra are parallel to H0 and spin magnetic moments
in tetrahedra are antiparallel to H0 in the collinear phase.6

Indeed, the canting angles of peaks 1a and 1b are about 21◦
and 180◦, respectively, which is close to the neutron diffraction
measurement results. In addition, as shown in Fig. 2, our result
that the area of peak 1a is larger than that of peak 1b is
consistent with the fact that the number of Fe3+ at octahedra
is larger than that at tetrahedra.

To find the specific site corresponding to peak 2, the
fractional area of each peak should be considered. In Fig. 2,
the zero-field spectrum of BSZFO is fitted by a multiple-
Gaussian function. The area of peak 2 is about 13.4% of
the total spectrum area, which is close to the fraction of
Fe3+ ions at the off-centered octahedra, 16.6%. Peak 2 has
a canting angle of about 182◦, which is consistent with
the neutron diffraction measurement results in the collinear
phase.6 Thus, peak 2 corresponds to the off-centered octa-
hedra. Note that the spin-canting angle of peak 2 was not
altered by H0, while the magnetic structure changed several
times. This result was unexpected since there have been no
reports about the existence of fixed spin-canting angles in
hexaferrites.

Sites corresponding to peaks 3 and 4 likely come from
defects. This is because the volumes of peaks 3 and 4 are too
small to be one of six different types of Fe3+ sites. Moreover,
spin-canting angles are fixed, implying spin pinning, which
frequently happens in many types of defects. The dominant
type of defect might be stacking faults since a magnetic force
microscopy study showed the existence of a large number of
stacking faults in BSZFAO.15

Using NMR peak assignment, Fe3+ ions substituted by Al3+
ions in BSZFAO can be directly identified. As seen in Fig. 2,
the intensity of peak 2 was reduced by Al doping. Setting the
total spectrum area of BSZFAO as 92% compared to that of
BSZFO, Al doping reduced the area of peak 2 to 5.4%. 8%
of the difference (from 13.4% – 5.4%) is in good agreement
with the Al-doping rate, suggesting that most of the Al3+ ions
substitute for Fe3+ ions at the off-centered octahedra.

Fe3+ ions at the off-centered octahedra have finite orbital
moment of Fe3+ ions, which is the origin of easy-plane
magnetic anisotropy.8 Hence, reduction of Fe3+ ions at the
off-centered octahedra by Al doping likely changes magnetic
anisotropy. Indeed, it is proposed that Al doping suppresses
magnetic anisotropy, and the reduction of magnetic anisotropy

FIG. 4. (Color online) Temperature dependence of the peak 1
frequency for magnetized BSZFO and BSZFAO in a zero magnetic
field. The lines are fits to the Bloch T 3/2 law for BSZFO (solid line)
and BSZFAO (dashed line).

is plausibly the origin of the conical magnetic structures in
BSZFAO.13,16

Figure 4 shows the temperature dependence of the peak
1 frequency for BSZFO and BSZFAO in a zero magnetic
field. The Bloch T 3/2 law fits well for both BSZFO and
BSZFAO, meaning that the low-temperature excitation is
gapless spin wave in ferromagnetic phase.17 Here gapless
means that the magnetic anisotropy is negligible compared
to the exchange interaction. From the M(H ) curves,18 the
magnetic anisotropy of BSZFO is about 3 K, which is indeed
much smaller than the Néel temperature, 315 K.11 The T 2

law from spin-wave excitations in antiferromagnetic phase fits
the data worse because of its larger curvature. Spin waves in
ferromagnetic phase imply that the net magnetic moment of
the magnetic ground state is nonzero, and consequently, the
conical structure is the most probable magnetic ground state
as suggested by neutron diffraction measurements. Our NMR
results are also consistent with the existence of the magnetic-
field-induced ferromagnetic phases in BSZFO suggested by
electron diffraction measurements.19

IV. SUMMARY

In this work, the spin structure of BSZFO was investigated
using 57Fe NMR. Fe3+ ions at off-centered octahedra have a
fixed spin-canting angle. By comparing the NMR spectra of
BSZFO and BSZFAO, we found that Al doping replaces Fe3+
ions at off-centered octahedra with Al3+ ions. The temperature
dependence of the peak 1 frequency of BSZFO is fitted well
by the Bloch T 3/2 law, implying that the low-temperature
excitation is spin wave in ferromagnetic phase.
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