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Occupation sites and valence states of Co dopants in (La, Co)-codoped M-type Sr ferrite:
57Fe and 59Co nuclear magnetic resonance studies
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To specify preferential occupation sites of Co substituents and to clarify charge and spin states of Co ions in
(La, Co)-cosubstituted hexagonal magnetoplumbite-type (M-type) Sr ferrite Sr1−xLaxFe12−yCoyO19 (x, y � 0.4),
57Fe and 59Co nuclear magnetic resonance (NMR) spectra are measured under zero and external magnetic fields
using powdered and single crystalline specimens. For comparison, NMR investigations of nondoped and La-
or Co-doped M-type Sr ferrites are also performed. Ferrimagnetic M-type Sr ferrite contains the following five
crystallographic Fe sites: the majority spin sites 12k, 2a, and 2b, and the minority spin sites 4f1 and 4f2. Based
on 57Fe and 59Co NMR, a plausible model of (La, Co)-codoped Sr ferrite is deduced. To a considerable degree, the
charge compensation between La3+ and Co2+ works in the equal (La, Co)-codoped case, where more than half of
the Co ions are considered to be present in the minority spin 4f1 sites at the center of the oxygen tetrahedra, with
the S = 3/2 state carrying a small orbital moment owing to spin-orbit interaction. The remaining small number
of high-spin Co2+ (S = 3/2, L = 1) ions with unquenched orbital moments would be distributed to the other
octahedral 12k, 2a, and 4f2 sites.

DOI: 10.1103/PhysRevB.98.064403

I. INTRODUCTION

Slight doping of elements into semiconductors, magnets,
or superconductors is often performed to achieve functional
improvements. In general, it is nontrivial to identify the
occupation sites and valence states of transition metal dopants,
which are distributed sparsely throughout a base compound.
If this role of dopants is clarified at the microscopic level, a
beneficial direction can be indicated for further improvements.

Hexagonal magnetoplumbite-type (M-type) strontium fer-
rite SrFe12O19 is widely used as a base material for permanent
magnets owing to its excellent cost performance and high
chemical stability [1]. In M-type Sr ferrite, slight substitution
of transition-metal element Co for Fe is known to improve
the material’s performance as a hard magnet. Simultaneously,
the same amount of rare earth element La can be substituted
empirically at the Sr sites for charge compensation, i.e., as-
suming (Sr2+-La3+)(Fe3+-Co2+)12O19 [2]. This ionic charge
model should be re-examined because previous Mössbauer
spectroscopy results [3,4] have suggested the existence of
divalent Fe2+ ions in a (La, Co)-cosubstituted M-type Sr ferrite.
The assigned Fe2+ spectra, however, have not been observed in
recent Mössbauer spectroscopy study using single crystals [5].
In a recent solid solution investigation [6] of Sr-La-Co-Fe-O,
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it has been suggested that the amount of La dopants is not
necessarily equal to that of Co dopants. Systematic attempts
at single crystal growth [7,8] suggest that the amounts of La
and Co dopants tend to deviate from the nominal ratio of
La:Co=1:1. In other words, the charge compensation between
La3+ and Co2+ is not always perfect. Moreover, the preferred
sites for Co substitution remain under debate, as described
below.

The crystal structure of M-type Sr ferrite is shown in Fig. 1.
It contains the following five crystallographic Fe sites: 2a, 2b,
4f1, 4f2, and 12k sites in Wyckoff notation, as listed together
with their respective local oxygen coordination in Table I. The
magnetic structure is ferrimagnetic with a saturation moment
of 20 μB per formula unit (f.u.) in the ground state, where the
moments of 5 μB for high-spin Fe3+ (d5) are aligned along the
c axis at the majority spin sites of 2a, 2b, and 12k and in the
opposite direction at the minority spin sites of 4f1 and 4f2, as
summarized in Table I.

As for the Co sites in (La, Co)-codoped M-type Sr ferrites,
the results of a previous combined Raman and Mössbauer
study [9] indicated that Co atoms preferentially occupy oc-
tahedral 4f2 (and possibly 2a) sites. However, this conclusion
was found to disagree with the combined result of neutron
diffraction (ND) and extended x-ray absorption fine structure
(EXAFS) spectra [10], which excluded substitutions at the
4f2 and 2b sites. Furthermore, Co substitutions at the 4f1

site were suggested from ND [11], NMR [3], and x-ray mag-
netic circular dichroism (XMCD) [10] measurements, while
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FIG. 1. Crystal structure of M-type Sr ferrite SrFe12O19 (hexag-
onal, P 63/mmc). Oxygen atoms, which are at the corner of each
polyhedron, are omitted for clarity. Each iron atom is located at the
center of a polyhedron. The five crystallographic iron sites are labeled
by their Wyckoff notation.

other NMR research [12] suggested a different possibility
of simultaneous occupation of the 4f1 and 4f2 sites. Given
that the assignments of 57Fe Mössbauer spectra [3,4,9] have
been confirmed by recent first-principle calculations [13,14]
by using the density functional theory, the discrepancies in the
possible Co substitution sites may not be caused by incorrect
assignments of Fe sites, but possibly by differences in chemical
compositions, sample shapes, and/or particle size between the
respective experimental investigations.

Progress toward solving this intricate assignment issue has
been achieved in a very recent 59Co NMR study [15] over a
wide frequency range by using chemically well-characterized
single crystals of (La, Co)-cosubstituted M-type Sr ferrite, in
which low-frequency resonances around 80 MHz and high-
frequency resonances above 250 MHz were observed simul-
taneously. Notably, the respective resonances were reported
independently in early studies: 59Co NMR around 80 MHz by

TABLE I. Crystallographic Fe sites in SrFe12O19 with space group
P 63/mmc and relative magnetic moment directions at the sites.

Wyckoff notation Oxygen coordination Moment direction

2a Octahedral ↑
2b Bipyramidal ↑
4f1 Tetrahedral ↓
4f2 Octahedral ↓
12k Octahedral ↑

TABLE II. High- and low-spin values of Co2+ and Co3+. The
low-spin values are given for octahedral, tetrahedral, and bipyramidal
symmetries. Tetrahedral Co2+ with e4

gt
3
2g configuration has single spin

state of S = 3/2 only.

Low spin

High spin Octa. Tetra. Bipyram.
Co2+ (d7) 3

2
1
2

1
2

Co3+ (d6) 2 0 1 1

M. W. Pieper et al. [12], and those in the much higher range of
250–600 MHz by K. Kouřil [16]. The simultaneous observa-
tion of both low- and high-frequency resonances of 59Co NMR
strongly suggests that Co ions are doped into several Fe sites,
and/or that various spin and charge states might be possible:
high-, low-spin, and divalent or trivalent, as summarized in
Table II. The possible combinations of electronic states and Co
sites should be re-examined carefully. To arrive at a consensus
on Co site occupations and to understand the electronic states
of Co ions, we performed thorough 57Fe and 59Co-NMR
measurements of (La, Co)-codoped M-type Sr ferrites, by
using chemically well-characterized polycrystalline and single
crystal samples.

II. EXPERIMENTAL

Polycrystalline samples of (La, Co)-codoped M-type Sr
ferrites Sr1−xLaxFe12−yCoyO19 (x = y = 0.1, 0.2, and 0.3),
denoted as (La, Co)0.1, (La, Co)0.2, and (La, Co)0.3-codoped,
as well as solely La-doped Sr1−xLaxFe12O19 (x = 0.1, 0.2, 0.3,
and 0.5), labeled similarly as La0.1, . . ., La0.5-doped, were syn-
thesized by performing a standard solid state reaction. Single
crystals of pure (La0.24, Co0.11) and (La0.29, Co0.15)-codoped
M-type Sr ferrites were prepared using the NaO-flux method
[7], in addition to solely Co-doped SrFe11.93Co0.07O19, which
is labeled Co0.07-doped. Typical size of single crystals was
3 × 3 × 0.2 mm3, in which hexagonal shapes were seen in the
surface. The (La, Co)0.4-codoped single crystals were grown
using the traveling solvent floating zone (TSFZ) technique
[8,17]. The (La, Co)0.4-codoped crystal with a dimension
of 2 × 2 × 1.8 mm3 was used for NMR measurement. The
compositions were examined using scanning electron mi-
croscopy/wavelength dispersive x-ray (SEM-WDX) analysis
and inductively coupled plasma atomic emission spectroscopy
(ICP-AES).

Powdered specimens for NMR measurements were pre-
pared by coarsely grinding polycrystals or single crystals. The
powders were insulated and fixed with varnish in polyimide
tubes. For single crystal NMR measurements, instead of the
polyimide tube filled with the powdered sample, one piece or
several pieces of crystals placed on platforms made of glass
or glass epoxy were inserted into the NMR coils. The typical
dimensions of the crystals in the hexagonal plane were several
millimeters, and in the direction of the c axis, they ranged
between 50 μm and several millimeters. The NMR probe was
loaded into a 4He cryostat.

57Fe nuclei with nuclear spin I = 1/2 and small natural
abundance of 2.19% have a very low gyromagnetic ratio
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(γN) of 0.135758 MHz/kOe. In ferro(ferri-)magnets, however,
rf fields (H1) of the nuclear spin excitation are effectively
enhanced owing to electronic spin oscillations, resulting in an
enhancement factor of ∼10–100 or owing to magnetic domain
wall motion, resulting in an enhancement factor of 103–104

to the ‘bare’ H1. This so-called H1 enhancement and huge
internal fields of ∼400–600 kOe of these compounds enable
us to perform 57Fe NMR measurements under zero external
field. On the other hand, 59Co nuclei with I = 7/2 and natural
abundance of 100% have a relatively larger γN = 1.0054
MHz/kOe, which enabled us to observe 59Co-NMR of dilute
dopants in the doped systems.

NMR measurements were carried out using a phase-
coherent, pulsed spectrometer capable of measurement over
the frequency range of 0.5–500 MHz. All the NMR data were
taken at the temperature (T ) of 4.2 K. NMR spectra were
recorded by sweeping the frequency in the tuned rf network
at each point. To form the nuclear spin echoes, 90◦–180◦
conditions were used with a first pulse duration of 2–3 μs,
where the rf power of the nuclear excitation was optimized
at each NMR spectral peak. The separation τ between the
first and the second pulses was typically 10–20 μs, as short
as possible. The pulse repetition interval of 50 ms was used for
NMR signal accumulations. The obtained spin-echo intensities
were divided by the cube of circuit frequencies (ν3) in order
to compensate the frequency-dependent enhancement factor.
External magnetic fields were applied using a homogeneous
superconducting magnet specified for NMR to measure the
external field dependence of NMR spectra.

III. RESULTS

A. Nondoped SrFe12O19

First, let us summarize the 57Fe NMR results of the pure
M-type Sr ferrite. Figure 2 shows the 57Fe NMR spectra of a
powdered sample of M-type Sr ferrite SrFe12O19 under zero
field with several separations of τ = 15, 600, and 1200 μs.
The NMR peak positions are consistent with those shown
in previous studies for M-type Ba and Sr ferrites [12,13,18–

M-type Sr Ferrite

FIG. 2. Frequency-swept 57Fe NMR spectra for powdered M-type
Sr ferrite under zero field, which are taken with several separations
of τ = 15, 600, and 1200 μs. The extrapolated intensities for τ → 0
are also shown.

21]. The site assignments of the NMR peaks are denoted in
Fig. 2. To correct the NMR intensities for the nuclear spin-spin
relaxation time T2 effect, the intensities (I0) were extrapolated
to τ → 0 assuming a simple Lorentz-type echo decay function
of I0 exp(−2τ/T2). Each NMR peak has an adjoint tail with
short T2, as marked by (∗) in Fig. 2, which is from the magnetic
domain walls.

To confirm that such tail signals correspond to magnetic wall
signals, NMR measurements using single crystals were per-
formed additionally, as shown in the inset of Fig. 3(a). Because
NMR does not occur if H1 is applied along the quantization
axis of nuclear magnetization, which corresponds to the easy
axis of magnetization in this case, NMR intensities in single
crystalline magnets should show a directional dependence on
H1, as schematically illustrated in Figs. 3(b) and 3(c). In other
words, the setting for H1 ⊥ c is sensitive to magnetic domains,
while that for H1 ‖ c to magnetic domain walls. It is noted that
even in the domain-sensitive setting for the single crystal, as
shown in Fig. 3(d), the NMR signals could not be observed if
the domain walls were swept out by external field along the
c axis. The saturation field along the easy axis for the single
crystal is so small as to be of an order of 1 kOe, which is

FIG. 3. (a) Frequency-swept 57Fe NMR spectra of single crystals
of M-type Sr ferrite under zero field. As schematically illustrated in
the insets, two configurations are attempted with the oscillating field
of H1 parallel and perpendicular to the magnetic easy c axis. The
NMR intensities are normalized at the peak intensity for the 12k sites.
Schematic illustrations are also shown for a magnetic domain wall and
magnetic domains. The dotted rectangles indicate where NMR can
occur for the cases of (b) H1 ‖ c and (c) H1 ⊥ c. (d) Frequency-swept
57Fe NMR spectra of single crystal of M-type Sr ferrite in the case of
H1 ‖ c with applying external fields (H0) along the c axis.
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(a) (b)

FIG. 4. (a) External field dependence of 57Fe NMR spectra in the
powdered M-type Sr ferrite under H0 = 0, 5, 10, 15, and 20 kOe.
(b) Resonant frequencies versus H0 plot for the powdered M-type
SrFe12O19.

nearly independent of doping levels [7]. The magnetization
curves have been measured for single crystals in tabular shapes
with typical dimensions of 5 × 5 × 0.1 mm3. Therefore, in this
case, the responsible area for the NMR signals was considered
to be the domains in the vicinity of domain walls, as indicated
in Fig. 3(c). In other words, the 57Fe NMR is caused not from a
whole of domains, but from interfacial areas between domains
and walls. As can be seen in Fig. 3(a), the NMR intensities
denoted by (∗) are always enhanced in the case of H1 ‖ c. Thus,
the asymmetric spectral tails in 57Fe NMR originate from the
magnetic domain walls.

Figure 4 shows the external field (H0) dependence of the
57Fe NMR spectra. Given that the hyperfine coupling constant
for core polarization of 57Fe has a negative sign [22], field
dependence in case of the majority spin sites shows negative
slopes to the external field, while that in the case of the minority
spin sites shows positive slopes. The observed external field
dependence of the 57Fe NMR is very consistent with previous
results obtained for M-type Ba and Pb0.7La0.3 ferrites [18,23].

B. Solely La-doped M-type Sr ferrite Sr1−xLaxFe12O19

To microscopically investigate the effects of La-Co
codoping, it is worthwhile to examine the solely La-doped
system beforehand. Figure 5 shows the 57Fe NMR spectra of
powdered polycrystalline La0.1, La0.2, La0.3, and La0.5-doped

FIG. 5. Zero field 57Fe NMR spectra of powdered polycrystalline
La0.1, La0.2, La0.3, and La0.5-doped M-type Sr ferrites.

FIG. 6. Frequency-swept 57Fe and 59Co NMR spectra of single
crystals of Co0.07-doped and nondoped M-type Sr ferrites under zero
field with a setting of H1 ⊥ c.

M-type Sr ferrites under zero field. As shown in Fig. 5, with
La doping, the resonant peak linewidths of the 12k, 4f1, 2a,
and 4f2 sites expand slightly. Notably, an additional spectral
weight appears between the 12k and the 4f1 peaks with La
doping, as denoted by arrow (↓) in Fig. 5. However, the 2b

resonance broadens significantly and appears to be wiped
out subsequently owing to low La0.2 doping. These can be
ascribed to the distributions of hyperfine fields of Fe ions due
to different local environments, whose effect should be largest
at the Fe 2b sites, which are the closest to the Sr sites. These
features are very consistent with the results of previous works
on La-substituted M-type Sr ferrite [24]. Here, it is also noted
that we could not find the 57Fe-NMR ascribed to Fe2+ ions,
which should be induced by La3+ doping.

C. Solely Co-doped M-type Sr ferrite SrFe11.93Co0.07O19

Here, spectral investigation in the solely Co-doped M-type
Sr ferrite is shown. Owing to the chemical instability of sole
Co doping in M-type Sr ferrite, the lowest upper bound of
the amount of Co seems to be x ∼ 0.1 in SrFe12−xCoxO19.
Here, the crystals of Co0.07-doped M-type Sr ferrite are avail-
able. In this case, the Co ions are firmly trivalent by charge
compensation.

Zero field NMR spectra of this crystal are shown in
Fig. 6, together with that of nondoped M-type Sr ferrite. The
magnitude of H1 is adjusted to pick up both 57Fe and 59Co
NMR signals. The 59Co NMR signal is observed at around
50 MHz as indicated in Fig. 6. The linewidths of 57Fe NMR in
the Co0.07-doped case are quite sharp as in the nondoped case,
although a new small satellitelike peak is seen on the right hand
side of the 12k peak.

To confirm that the signal around 50 MHz originates
from 59Co and not from 57Fe, the external field dependence
was measured as shown in Figs. 7(a) and 7(b). Upon the
application of external fields, the 2b peak shifts downward
by −0.14 MHz/kOe, the low-frequency peak at around 50
MHz shifts upward at a higher rate of +0.7 MHz/kOe, and
the spectrum spreads more rapidly than the 2b spectrum. This
verifies that the signal is ascribable to 59Co NMR. Notably,
the demagnetization effect, which becomes prominent when
using a single crystal in contrast to the case when using a
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FIG. 7. (a) External field dependence of low-frequency 59Co and
2b-57Fe NMR spectra of a single crystal of Co0.07-doped M-type
Sr ferrite. The size of single crystal was 5.3 × 2.1 × 0.27 mm3. (b)
Resonant frequencies versus H0 plot.

powdered sample, induces field-independent behavior of the
resonant frequency in the low field region below ∼5 kOe, as
shown in Fig. 7.

As observed here, this 59Co NMR spectrum should corre-
spond to the low-spin Co3+ in the octahedral coordination,
because any other state of Co3+ in Table II cannot be assigned
to such a low-frequency position. The 57Fe NMR lines stay
sharp in this case because Co3+ dopants are nonmagnetic.
The observed hyperfine field of ∼50 kOe corresponding to
∼50 MHz is transferred from the surrounding Fe moments. If
the nonmagnetic Co3+ existed even in the (La, Co)-codoped
case, 59Co-NMR should appear around ∼50 MHz, at least in
the dilute doping levels.

D. (La, Co)-codoped M-type Sr ferrite Sr1−xLaxFe12−xCoxO19

1. Low frequency region

We examine all features of the powder spectra around 57Fe
NMR in the (La, Co)-codoped M-type Sr ferrite. Figure 8(a)
shows the 57Fe NMR spectra of the powdered samples of (La,
Co)-codoped M-type Sr ferrites and the pure one. In addition to
the original 57Fe NMR, broad spectral humps around 80 MHz
appear in the spectra of (La, Co)0.1 and (La, Co)0.3-codoped
samples, which correspond to the peaks previously reported for
59Co NMR [12]. Here, the spectral envelope taken by several
magnitudes of H1, as shown in Fig. 8(b), is presumed to be
the spectrum of the powdered sample of each composition.
Even if the magnitude of H1 is reduced considerably, as shown
in Fig. 8(c), the high frequency spectral weight around 80–
90 MHz is excited easily, and the broad spectrum fully covers
the 57Fe NMR spectra. At least, from Fig. 8(a), by (La, Co)
codoping, the 4f1 peak is found to remain nearly as sharp as it
is in the case of pure M-type Sr ferrite. The 2b, 12k, and 4f2

peaks remain visible, but the 2a peak is indistinguishable from
the surrounding 59Co NMR signals.

The overlapped 57Fe NMR can be observed clearly if the
59Co signals are separated with the help of an external magnetic
field. As shown in Fig. 9(a), the 59Co NMR spectrum is shifted
largely to the high-frequency side by external fields, because
of the larger 59γN, but the 57Fe NMR spectra do not move as
much owing to the small 57γN. After applying H0 = 30 kOe,
the 12k-, 4f1-, and 4f2-57Fe NMR peaks are visible clearly
in Fig. 9(a). If the frequencies are plotted against H0, the
slopes of the 12k, 4f1, and 4f2 sites correspond to those of

FIG. 8. (a) Zero field 57Fe NMR spectra of powdered (La, Co)0.1

and (La, Co)0.3-codoped M-type Sr ferrite. The spectra of pure M-type
Sr ferrite are shown for comparison. (b) The spectra of (La, Co)0.3 are
recorded with several magnitudes of H1. The magnitude of H1L is
determined to maximize the 4f1-57Fe signal. (c) The spectra of (La,
Co)0.3 obtained with a much reduced H1 (roughly, <10% of H1L) is
superimposed, and its magnitude is adjusted to maximize the NMR
signal at ∼80 MHz.

the pure M-type Sr ferrite in Fig. 4(b), but the 2a-57Fe NMR
peak seems to be wiped out by (La, Co) codoping, because no
frequency-decreasing peak is found between the 12k and 4f1

peaks upon the application of a field. Here, it is emphasized
that the 2a sites are strongly influenced and disappear by (La,
Co) codoping, while these 2a sites are clearly observable in
the case of sorely La doping. This is consistent with the results
of a recent Mössbauer measurement of the (La, Co)-codoped
system [5]. Moreover, the entire observed 59Co NMR shifts
to a higher frequency upon the application of external fields,
which represents a positive slope, as plotted in Fig. 9(b), that
is consistent with the previous NMR result [12].

To observe the effects of (La, Co) codoping on the Fe
sites in greater detail, the single crystals’ NMR spectra are
compared. If the pulse condition is adjusted to maximize the
12k-Fe NMR signal, 57Fe NMR-specified spectra are obtained
for various (La, Co)-codoped M-type Sr ferrites, as shown in
Fig. 10(a). To obtain each spectrum, a piece of single crystal is
used with the domain sensitive setting of H1 ⊥ c. As seen for
the powdered sample, the single crystal data show that the 2a

peak is broadened significantly by (La, Co)0.4 codoping. The
4f2 peak seems to shift downward to the lower frequency side,
but the 12k peak shifts upward with increasing Co in various
cases of (La, Co) codoping, although the 4f1 peak seems to
be robust in various cases of (La, Co) codoping, where the
linewidth remains sharp as well. It is noteworthy that the 12k

peaks have satellitelike peaks on both sides, which are marked
by (•) and (◦) in Fig. 10(a). The higher satellitelike peak (•)
here has been seen even in the powdered solely La-doped Sr
ferrite, as shown by (↓) in Fig. 5. Probably the lower satellite
peak (◦) is a new peak caused by (La, Co) codoping. As shown
in Fig. 10(b), the 59Co NMR signal is colossal, even in the case
of a single crystal, when the magnitude of H1 is reduced.
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FIG. 9. (a) External field dependence of NMR spectra of pow-
dered (La, Co)0.3-codoped M-type Sr ferrite sample around 80 MHz.
(b) Resonant frequencies versus H0 plot of the (La, Co)0.3-codoped
M-type Sr ferrite sample. In both plots, extrinsic NMR signals around
the sample for 1H, 19F, and 63,65Cu are tagged as well, which originate
from enamel insulation, fluorocarbon polymers, and copper coil.

2. High frequency region

According to the recent 59Co-NMR work by H. Nakamura
et al. [15], the observed 59Co NMR around 80 MHz is labeled
as “S1.” Moreover, “S2” around 300 MHz, “S3” around
380 MHz, and “S4” around 520 MHz are reported. Hereafter,
the same labels are used for 59Co-NMR. Because the last work
was performed using a nontuned NMR system specified for
ferromagnets [15], it is valuable to compare the present results
obtained using a conventional NMR system with an optimally

FIG. 10. (a) Frequency-swept 57Fe NMR spectra for single crys-
tals of (La0.24, Co0.11), (La0.29, Co0.15), (La, Co)0.4-codoped, and
nondoped M-type Sr ferrites under zero field with a setting of H1 ⊥ c.
The H1 magnitude is adjusted to maximize the 12k signal. (b) Spectral
difference for (La, Co)0.4 codoped with different magnitudes of H1:
One is for the 57Fe-NMR with the larger magnitude of H1 and another
is for 59Co-NMR with a tiny magnitude of H1.

FIG. 11. (a) Zero field 59Co NMR spectra of powdered poly-
crystalline (La, Co)0.3-codoped M-type Sr ferrite taken with a fixed
separation of τ = 15 μs. 59Co NMR spectra are labeled as S1, S2, and
S3, respectively. (b) The magnified 59Co NMR spectra of S2 and S3
in the high-frequency region. The spectra are recorded with several
separations of τ = 15, 150, 800, and 1600 μs. The extrapolated
intensities of τ → 0 are also shown.

tuned rf circuit. The 59Co NMR signals of S2 and S3 have
been successfully observed, as shown in Fig. 11 even while
using a general pulsed NMR system, although S4 is out of the
range of the current NMR system, of which integral intensity
is reported to be less than 0.2% of the entire 59Co NMR [15].

As shown in Fig. 11(a), S2 and S3 are considerably smaller
than the integral intensity of S1, which is very consistent with
the results of a previous work [15]. Here, all the spectra for S1,
S2, and S3 are obtained as envelops of their spectra taken at
several H1 magnitudes to remove certain site dependence by
H1-enhancement factors. The separation τ dependence of S2
and S3 is shown in Fig. 11(b). Both S2 and S3 include short
T2 components, as indicated by the outlined downward arrows
in Fig. 11(b), which may be ascribed to the magnetic domain
walls. S2 and S3 can be observed even when using a single
crystal of (La, Co)0.4-codoped M-type Sr ferrite, as shown in
Fig. 12. As discussed for 57Fe NMR in Sec. III A, the 59Co
NMR signals may also come not from the cores of domains
but from the interfacial areas of magnetic walls.

The bottom panel of Fig. 13 shows the (La, Co)-codoping
dependence of S2 and S3 of M-type Sr ferrite. Both S2 and
S3 exist even in the dilute doping region of (La, Co)0.1. The
spectral shape changes with the amount of (La, Co) codoping:

FIG. 12. (a) Zero field 59Co NMR spectra of single crystal of
(La, Co)0.4-codoped M-type Sr ferrite with a setting of H1 ⊥ c. (b)
Magnified 59Co NMR spectra S2 and S3 of single crystal in the high-
frequency region.
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FIG. 13. Bottom panel: Zero field 59Co NMR spectra of powdered
(La, Co)0.1, (La, Co)0.2, and (La, Co)0.3-codoped M-type Sr ferrites
recorded with a fixed separation of τ = 15 μs in the high-frequency
region of S2 and S3. Upper panel: External field dependence of high-
frequency 59Co NMR spectra labeled S2 and S3, of powdered (La,
Co)0.3-codoped M-type Sr ferrite.

For example, the spectral weights are shifted from (�) to (�)
in S2, and from (�) to (�) in S3, as shown in Fig. 13. These
multispectral weights may imply that (La, Co) codoping causes
extensive hyperfine field distribution on the Co ions.

Upon the application of an external field, S2 and S3 are
shifted and broadened in a complicated manner, as shown in the
upper panel of Fig. 13, and then they are wiped out totally. As
shown here, the doping and external field dependence suggest
that S2 and S3 may contain multiple (two or more) Co sites, or
there are large distributions of hyperfine fields (probably due
to transferred terms). Again, it should be emphasized that S2
and S3 (and S4) are minor components of 59Co NMR in (La,
Co)-codoped M-type Sr ferrite. While S1 is shifted uniformly
to the high-frequency side, S2 and S3 are wiped out easily upon
the application of external fields.

IV. DISCUSSION

An absolutely key issue associated with 59Co NMR is
the assignment of the low-frequency S1 component, which
corresponds to the largest number of Co ions. If this is fixed,
the other assignments of S2, S3, and S4 can be determined
semiautomatically. As already discussed by H. Nakamura
et al. [15], the following assignments of S1 are considered:
(i) octahedral Co2+ with a low-spin state of S = 1/2, (ii)
octahedral Co3+ with a low-spin (nonmagnetic) of S = 0, or
(iii) octahedral/tetrahedral Co2+ with S = 3/2 (see Table II).

Indeed, M. W. Pieper et al. [12], formerly adopted scenario
(i). The low-spin Co2+ (S = 1/2) ions in S1 were assumed
to be at the 4f2(↓) sites. The octahedral low-spin Co2+

state of t6
2ge

1
g is, however, very rare to our knowledge. One

example has been reported for the spinel ferrite FeCo2O4,
in which Co ions at the octahedral B sites might be partly
in the low-spin Co2+ state [25]. Notably, single occupancy
of the eg orbitals in the low-spin Co2+ state leads to Jahn-
Teller instability. Typically, octahedral oxygen cages are dis-
torted easily. Therefore, scenario (i) can be ruled out because
the corresponding S1 states are very stable through various
doping levels.

In case (ii), there are several examples of nonmagnetic Co3+

ions in octahedral coordination. For example, even in case
of the ferromagnetic spinel compound Co0.6Fe0.9Mn1.5O4,
it is argued based on the results of 59Co NMR and x-ray
absorption spectroscopy (XAS) that the Co dopants at the
octahedral B sites are in the low-spin Co3+ state, although
the remaining tetrahedral Co2+ dopants at the A sites have
S = 3/2 [26]. In the cobalt spinel Co3O4, the Co3+ at the
octahedral B site is nonmagnetic [27]. In addition, octahedral
nonmagnetic Co3+ are seen in several Co oxides: YBaCo2O5.5

[28], Nd1−xSrCoO3 [29], and Na0.75CoO2 [30]. The case (ii) is,
however, incoherent because such nonmagnetic Co3+ dopants
cause 59Co-NMR in the frequency range around 50 MHz, by
transferred hyperfine field from the neighboring Fe moments,
as shown in Sec. III C. Moreover, in the (La, Co)-codoping
case, scenario (ii) means that there should be a considerable
amount of divalent Fe2+ ions. In reality, however, the amount of
Fe2+ ions is chemically estimated to be x − y in the chemical
formula of Sr1−xLaxFe12−yCoyO19 by the titration method of
Ce4+ ions. [6] Namely in the case of x ≈ y, Fe2+ ions must be
very few.

Now, we can conclude that scenario (iii) is the most plausi-
ble, i.e., S1 of 59Co NMR in (La, Co)-codoped M-type Sr ferrite
is caused by the compensation of spin and orbital moments.
If most Co ions are assumed to be divalent in the case of (La,
Co) codoping, the S = 3/2 state is the most common in both
octahedral and tetragonal coordinations, although tetrahedral
Co2+ is an orbital singlet in the CEF ground state. A. Morel
et al. [31] assigned the S1 spectrum (reported by M. W.
Pieper et al. [12]) to high-spin Co2+ at the octahedral 4f2

sites assuming the presence of an unquenched orbital moment.
Similarly, a large orbital moment ml ∼ 0.6 μB was detected
in the related spinel compound CoFe2O4 by using magnetic
Compton scattering [32].

By considering intra-atomic spin and orbital terms alone,
the hyperfine field, Hhf , can be written as Hhf = αms + βml ,
where ms (ml) is the spin (orbital) moment, and α (β) is a
spin (orbital) hyperfine coupling constant. The value of α is
known to be about −130 to −120 kOe/μB, and the estimated
values of β for high spin Co2+ in several typical compounds are
about +515–720 kOe μB for CoO [33], +650–750 kOe μB for
CoCl2 · 2H2O [34] and CsCoCl3 [35], and +640–650 kOe μB

for RCo5 (R = Y , Sm) [36]. Because α and β have negative
and positive signs, respectively, if ml remains unquenched
considerably, compensation occurs such that Hhf would be-
come small even in the high-spin state. In addition to these
examples, in the cubic spinel CoCr2O4, even the tetrahedral
Co2+ ion, whose CEF ground state is considered to be an orbital
singlet, shows low-frequency NMR around 55 MHz resulting
from the compensation by the orbital contribution [37], as
discussed later.

S1, S2, and S3 have been observed almost identically
at several doping levels of (La0.24∼0.3, Co0.11∼0.15) to (La,
Co)0.1∼0.4. Therefore, they can be assigned to divalent Co2+

ions, not to trivalent Co3+, because unbalanced doping does
not affect S1, S2, and S3 although the ratio of Co3+ varies.
Here, the very minor high-spin Co3+ (S = 2) can be assigned
to the reported minimal fraction of S4, which is less than 0.2%
in the (La0.289, Co0.152)-codoped sample [15]. As a result, it is
quite natural that the Fe2+ NMR signal would be very weak in
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the (La, Co)-codoped system, corresponding to the amount of
Co3+.

As discussed above, in scenario (iii), in principle, it is
allowable that S1 contains several Co contributions on the
various Fe sites, if the assignment can explain the result
that 59Co-NMR frequencies increased with increasing external
fields. However, it is unlikely that a common balance of αms

and βml for Co ions on the various Fe sites was realized
accidentally. Therefore, it is practical to consider that S1 can be
ascribed for the most part to Co2+ substitutions at one particular
Fe site.

On the other hand, the results of a macroscopic magne-
tization study using single crystals of (La, Co)-codoped Sr
ferrites [7,8] show that the saturation moments are certainly
increased by ∼0.4 μB/(f.u.) for x = 0.4 from 20 μB/(f.u.)
in the nondoped case. If most of the Co2+ having about
3–3.5 μB, including orbital moments, were to be substituted
only for the minority spin sites (↓), 0.6–0.8 μB/(f.u.) could
be expected, which is larger than the experimental value.
This means that the Co2+ substitutions are distributed across
the minority and majority spin sites, but more than half
of the substitutions occur at the minority spin sites, which
contribute to S1. Consequently, in terms of the assignment
of S1, there are two possibilities. Co2+ could occupy either the
octahedral 4f2(↓) or the tetrahedral 4f1(↓) site.

Presumably, as A. Morel et al. discussed [31], one may
think that the case of 4f2(↓) is preferable because the high-spin
Co2+ (S = 3/2) configuration of t5

2ge
2
g in octahedral CEF yields

an unquenched orbital moment and because the CEF ground
state of tetrahedral Co2+ is an orbital singlet for the e4

gt
3
2g

configuration. In this case, the hyperfine field |Hhf (4f2)| ∼
80 kOe would be produced by a rough sum of αms ∼
−100 (kOe/μB) × 3 μB and βml ∼ +600 (kOe μB) × ml .
A relatively large transferred hyperfine field Htr from the
neighboring Fe3+ spins of 5 μB should be added to Hhf , which
is estimated to be roughly ∼100 kOe for each vacant Fe
site. Because S1 shifts to the high-frequency side upon the
application of external field, Hhf would be negative. Assuming
the Co spins follow the same direction as that of the 4f2-Fe
spins, the estimated value of ml is roughly 0.2–0.5 μB, which
is slightly smaller than that expected from the orbital triplet
state of L = 1.

Then, assuming the main Co2+ ions might be doped into
the 4f2-Fe sites, S2 and S3 should be assigned as follows.
Fractional substitutions of Co2+ to the similar octahedral
12k and 2a sites should occur, because there is no specific
reason to exclude this possibility at this point. Indeed, the
high-spin Co2+ states with octahedral coordination in the
case of Co ferrite CoFe2O4 [38,39] are seen in the similar
frequency range as S2 and S3. In the literature [38], the
origin of the distributions of hyperfine fields is ascribed to
sites-to-sites differences of transferred hyperfine fields. This
appears to be consistent with the fact that S2 and S3 suggest a
distribution of hyperfine fields, as shown in Fig. 13. Perhaps,
if only the CEF ground state is assumed, the tetrahedral Co2+

(S = 3/2), too, might be assigned to S3, namely, a small part
of Co2+ might go to the 4f1(↓) sites. Because the on-site
hyperfine field of the spin-only 3μB of tetrahedral Co2+ can
be estimated to be roughly −300 kOe, this might appear in
the frequency ranges of S2 or S3, in addition to the transferred

FIG. 14. Summary views of charge and spin states, and doping
sites in (La, Co)-codoped M-type Sr ferrite. Two cases are illustrated:
Main substitutions of Co2+ occur at (a) octahedral 4f2 sites, and (b)
tetrahedral 4f1, which should correspond to S1.

field with an order of ∼100 kOe from the neighboring Fe3+

spins.
Let us summarize as Fig. 14(a). In this case, the high-spin

Co2+ ions on the octahedral 12k and 2a lead to the generation
of S2 and S3, of which frequencies are centered at ∼350 MHz,
quite far from the S1 range of ∼80 MHz to the similarly
octahedral 4f2. In the case of S2 and S3, ml is estimated to
be 0.9–1.3 μB, which appears to be appropriate for the state
L = 1. Notably, in the (La, Co)-codoped Sr ferrite, the 2a

coordination is the least distorted octahedron, and 12k’s and
4f2’s octahedral coordinations are distorted comparably which
have relatively-larger quadrupolar shifts in 57Fe-Mössbauer
experiment [3]. Therefore, it is quite unnatural that 4f2-Co2+

would be singular to have a smaller orbital moment. Indeed, a
very recent ab initio calculation [40] to compare the XAS in
the partial fluorescence yield mode (PFY-XAS) at the Co-K
edge indicates the preferential 4f1 substitutions, and the higher
potential energies of Co occupancies in 4f2 and 2b, which are
∼1 eV higher than those in 4f1, 12k, and 2a. Accordingly, the
assumption of major 4f2 doping is considered inappropriate.

We now turn to the alternative 4f1(↓) possibility for the
assignment of S1. As already noted, the CEF ground state
of tetrahedral Co2+ (S = 3/2) is an orbital singlet. In Co
oxides, however, the tetrahedral CEF energy splitting between
eg and t2g is considerably smaller than that in octahedral CEF.
For example, in the cobalt spinel Co3O4, tetrahedral �t of
∼4000–5000 K, and the octahedral �o of ∼20 000–50 000
K are reported [41–43]. In the first approximation, ml = 0
for this orbital singlet, but the orbital quenching is lifted
partially by the second perturbation with the first excited
CEF state owing to spin-orbit interaction λLS, whose energy
scale is known to be λ ∼ 200 K for Co2+. Very recently, the
tetrahedral Co2+ in CoCr2O4 has been found to carry such
an orbital moment of ∼0.2 μB by means of XMCD and
resonant soft x-ray diffraction techniques [44]. The hyperfine
field Hhf (SO) = ξms caused by this perturbation approximates
to 2μBk〈r−3〉d (g − 2)ms , where k is an orbital reduction factor
(∼0.8), 〈r−3〉d is the average of r−3 over 3d electrons, and g is
the effective g factor. For the tetrahedral Co2+ in Co3O4 [43],
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it is estimated to be ξ ∼ +85 kOe/μB, and a similar value is
given for CoCr2O4 as well [37].

Thus, the 4f1-Co2+ can be naturally assigned to S1, because
Hhf (4f1) ∼ −80 kOe is compatible with (α + ξ )ms , if α ∼
−100 (kOe μB) and ξ ∼ +70–80 (kOe μB) are assumed. Then,
the octahedral high-spin Co2+ at the 12k, 2a, and 4f2 sites
can be applied to the assignments of S2 and S3, as discussed
above. Thus, these assignments of S1, S2, and S3, as shown in
Fig. 14(b), become fully coherent.

As seen in Fig. 13, S2 and S3 show hyperfine field distribu-
tions, which are similar to Co ferrite [39], and are caused by
local environmental effects of the other Co dopants. Simulta-
neously, every high-spin Co2+ ion possesses an unquenched
orbital moment that is roughly close to ml ∼ 1 μB with
ms ∼ 3 μB, which should induce local magnetic anisotropy.
Because the external field dependence shown in Fig. 13 was
recorded using a powdered specimen, the extreme-uniaxial
anisotropy of the hyperfine field would cause an anisotropic
resonance shift, i.e., each resonance in S2 and S3 would be
broadened inhomogeneously and abruptly upon the application
of an external field. Such an inhomogeneous broadening must
be more increased if the direction of magnetic anisotropy for
Co2+ is different from sites to sites, i.e., it is still possible that
uniaxial anisotropy on the 12k, 2a, and 4f2 may not be always
along the c axis.

Even the tetrahedral 4f1-Co2+ ions, which are assigned
to S1, should cause uniaxial magnetic anisotropy as well
by the partially unquenched orbital moment. Notably, the
inhomogeneous broadening seen in S2 and S3 is much smaller
in S1, because of its smaller orbital moment and/or its uniform
local magnetic anisotropy through the 4f1 sites. Perhaps, the
magnetic anisotropy increased by (La, Co) codoping [2] might
be owing to the relative ratio of Co2+ amount occupied at
the specific sites. Further study to reveal the sites-to-sites
anisotropies of Co2+ should be extremely promising to give
a clue to improve the bulk magnetic anisotropy.

Finally, we check the consistency between these assign-
ments and the 57Fe NMR results. Even though the Co2+ ions
are mainly doped into the 4f1 sites (and there is slight doping
of Co2+ at the 12k, 2a, and 4f2 sites), most Fe3+ sites are
far from the (La, Co) dopants, at most Co0.4, with respect to
Fe12 per (f.u.). The substituted Co2+ ions lead to distributions
of transferred hyperfine fields, which influence the nearest Fe
sites. Notably, the on-site hyperfine fields of 57Fe cannot be
influenced by Co doping. The Co2+ ions at the 4f1 sites change
the local hyperfine fields at the neighboring 12k sites, leading to
the emergence of the satellitelike peaks, as shown in Figs. 8(a)
and 10(a). Next, the 2a 57Fe-NMR is wiped out easily by a large
distribution of transferred hyperfine fields from Fe3+ and Co2+

at the surrounding 12k(↑) and 4f1(↓). Indeed, the distance
from the nearest-neighboring 12k sites to the 2a sites is about

3.0 Å, which is the shortest among the other Fe sites ranging
from 3.3 Å to 3.7 Å for the respective nearest neighbors, except
for the Fe-Fe distances of 2.7–3.0 Å between the two 4f2 and
two 12k sites, respectively. By contrast, the 4f1 sites are on
average 3.5–3.7 Å from the other Fe sites. Therefore, it is
reasonable that the 4f1 spectrum remains sharp in the (La,
Co)-codoped system.

V. CONCLUSION

Our comprehensive NMR study concluded that Co2+ ions
are substituted mainly at tetrahedral 4f1 sites, and that the
remaining fractional Co2+ ions are distributed among the
octahedral 12k and 2a Fe sites in (La, Co)-codoped M-type
Sr ferrite. To a considerable degree, the charge compensation
between La3+ and Co2+ works in the equal (La, Co)-codoped
case. The partially lifted orbital moment due to spin-orbit
interaction is an important feature of the tetrahedral Co2+ state.
Meanwhile, the minor octahedral Co2+ ions have unquenched
orbital moments. A very recent Mössbauer study using the
same batches of single crystals drew a similar conclusion
[45]. Moreover, previous and recent works using ND, EXAFS,
XMCD, and energy-dispersive x-ray spectroscopy (EDXS)
[10,46] have yielded a similar conclusion as well.

Because the contribution of S4 corresponding to Co3+ is less
than 0.2% in the unbalanced (La0.289, Co0.152)-codoped sample
[15], the amounts of Co3+ and Fe2+ should be smaller in the
equally codoped (La, Co)0.4 case. Considering a recent investi-
gation [8] suggests that Fe2+ states would emerge with further
codoping of x > 0.4 and y = 0.4 in Sr1−xLaxFe12−yCoyO19,
Fe2+ NMR search of such a sample is an avenue for future
research on this issue.

The presence of partially lifted and unquenched orbital
moments in Co2+ is probably the reason why (La, Co) cosub-
stitution improves magnetic performance parameters, such as
saturation magnetizationMs , coercive forceHc, and anisotropy
field HA. The orbital moment improves magnetic anisotropy
energy, as theoretically predicted in the case of Co ferrite [47]
more than half a century ago.
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