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We have systematically investigated magnetic properties of La and Co substituted SrFe;2019
using single crystals. By utilizing travelling solvent floating zone technique, we have grown sin-
gle crystals over wide range of substitution content, and examined their saturation moments and
magnetocrystalline anisotropy. With increasing content of La and Co, saturation moment at 300 K
monotonically increases. The increment of magnetocrystalline anisotropy is almost proportional to
the content of Co. In addition, further La substitution also enhances magnetocrystalline anisotropy,
which demonstrates that Fe** plays an important role to enhance magnetocrystalline anisotropy.
We have analyzed magnetocrystalline anisotropy energy as a function of substitution content, and

elucidate the effects of Co?T and Fe?*.

PACS numbers: 75.30.Cr, 75.30.Gw, 75.50.Gg, 75.50. Ww

I. INTRODUCTION

The hexagonal ferrites that have the magnetoplumbite
(M-type) structure are important materials for perma-
nent magnets. Since the discovery of M-type hexafer-
rites!, they have attracted much attention?. Because of
their competitive price and easy preparation in compari-
son with other magnetic materials, they have been exten-
sively used in applications such as electronics, household
appliances and communications. They are ferrimagnets
with high coercivity, which originates from high magne-
tocrystalline anisotropy with a easy magnetization axis.
Many attempts have been made to improve their mag-
netic properties.®>* Among them, the latest breakthrough
is based on partial substitutions with La and Co, which
are expressed as a Sri_,LazFejs;Co,019 chemical for-
mula.?

All the Fe ions in the strontium hexaferrite SrFe12019
are trivalent and have a high spin electron configuration
of d°, which has a vanishing orbital momentum. In the
substituted materials Sr;_,La,Feio_,Co0,019, a fraction
of Fe* is substituted by Co®", and the same amount
of Sr?T is substituted by La" for charge compensation.
The improvement of magnetic properties in this system is
reported to be caused by drastic increment of the magne-
tocrystalline anisotropy field.® The origin of the enhance-
ment of magnetocrystalline anisotropy field is thought to
be due to not La*T but to Co*", which has a residual
orbital momentum. However, in spite of many studies
on La and Co substituted samples, the details remain
unclear.

The crystal structure of M-type hexaferrite is regarded
as alternate stacking of S-layers and R-layers,® and have
crystallographically inequivalent five Fe sites, which in-
clude tetrahedral, octahedral, and trigonal-bipyramid
sites. This complicated crystal structure make it difficult
to determine the site where Co substituted.” '° In addi-
tion, almost all the previous studies of these substances
were conducted using polycrystalline samples, and their
results include the effect of orientations, grain size and

grain boundaries. To remove these extrinsic effects, it is
required to study using single crystals, though there are
only a few reports dealing with single crystal growth.'-13

In this paper, we report crystal growth, compositional
analysis, and magnetic properties of single crystals of
Sri_LazFei2_,CoyO19, and discuss the origin of the en-
hancement of magnetocrystalline anisotropy in this sys-
tem. In our single crystals, content of La is greater
than or equal to that of Co, indicating presence of Fe*T.
We measured saturation magnetizations and anisotropy
fields, both of which increase with substitution content
at 300 K. In addition, magnetocrystalline anisotropy en-
ergy is analyzed as a function of the contents of Co?™
and Fe?" to elucidate the origin of magnetocrystalline
anisotropy.

II. EXPERIMENTS

The single crystal samples of La and Co substi-
tuted strontium hexaferrites were grown using travel-
ling solvent floating zone (TSFZ) technique in an in-
frared radiation furnace equipped with two ellipsoidal
mirrors (SC-E15HD, Cannon machinery). Stoichiomet-
ric mixtures of SrCOj3, LaFeO3, FeoO3 and CoO, were
pressed into cylindrical rods, and these rods were sin-
tered. As fluxes, mixtures of above materials were
used. Typical chemical composition of these fluxed are
(La, Sr)(Fe, Co)204. Crystals were grown at a rate of
1 mm/h under a 10atm Oy atmosphere. The typi-
cal size of the obtained single crystals is 4 mm in di-
ameter and 60 mm in length. Powder x-ray diffrac-
tion measurements were conducted using a diffractome-
ter with a Cu-Ka source (Miniflex600, Rigaku). We car-
ried out compositional analysis of the single crystals us-
ing scanning electron microscopy/wavelength dispersive
X-ray (SEM-WDX) analysis (INCA wave 500, Oxford
Instruments, attached to SEM S-3500H, Hitachi) and
inductively coupled plasma atomic emission spectrome-
try (ICP-AES) (JY138KH, Horiba Ltd.). Magnetization
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FIG. 1. Nominal and measured compositions of single crystal
samples of Sr;_;LagFei2—;CoyO19. Crosses indicate nominal
compositions, which is the same value as that of the starting
materials. Squares and circles indicate compositions obtained
using WDX and those using ICP, respectively. The insets are
pictures of cleaved surfaces of obtained single crystals with
nominal compositions of (z,y) = (0.7,0.7) and (0.8,0.4).

measurements were conducted at high temperatures us-
ing a hand-made magnetic balance to determine Curie
temperatures. Magnetization at low temperatures were
measured using a SQUID magnetometer(MPMS, Quan-
tum Design) in Research Center for Low Temperature
and Materials Sciences, Kyoto University. Before the
measurements, the crystals were cut into rectangular rods
with a typical size of 0.5 x 0.5 x 2 mm? in order to reduce
demagnetization factor, which was calculated using a re-
ported formula.'* The samples were fixed at the center
of a brass rod that was precisely positioned at the center
of the detection coil.

III. RESULTS AND DISCUSSION

We had already succeeded in growing single crystals
of SrFe 2019 using TSFZ.'5 On the basis of the charge
compensation model, we tried to grow single crystals that
have chemical compositions of Sr;_,LazFeis_,Co,019.
We found that high oxygen pressure is preferable to grow
single crystals in this system, and hence the crystals were
grown under a 10atm O5 atmosphere. For the samples
with « < 0.4, we succeeded in obtaining single crystals,
which indicate that chemical compositions of them are
the same as nominal compositions. But for the samples
with « > 0.5, the obtained crystals contain impurities,
which are observed as tiny crystals sparsely scattered
on cleaved surfaces as shown in the left inset of figure
1. Diffraction and magnetization measurements revealed

that the main impurity is a spinel compound. The for-
mation of impurities indicates that the chemical composi-
tion of M-phases in the samples with > 0.5 are different
from nominal compositions.

For z < 0.4, we conducted ICP measurements, which
give averaged chemical compositions of bulk crystals. In
order to determine chemical composition of M-phase in
a sample that contains impurities, we have to remove
the contribution of impurities, which are scattered in the
crystals. For this purpose, we carried out SEM-WDX
analysis of M-phases on cleaved surfaces of the sample
with 0.1 < x < 0.7. These results are summarized in fig-
ure 1. For z < 0.4, the results of both WDX and ICP are
in good agreement with nominal compositions. However,
for z > 0.5, Co contents obtained using WDX are obvi-
ously less than those of nominal compositions, though La
contents are almost the same as those of nominal com-
positions. These results suggest that Co-substitution is
limited to = < 0.4 under the condition that we applied.
This value of substitution limit x = 0.4 is almost the
same as previous report® on polycrystalline samples syn-
thesized in air, which may be a coincidence. For the
sample with x = 0.4, equilibrium O, partial pressure is
thought to be approximately 20% at 1200°C, the syn-
thesis temperature of the polycrystalline sample. The
single crystal with the same composition was grown at
temperatures much higher than 1200°C, and equilibrium
O partial pressure becomes as high as 10atm in this
condition.

Our compositional analyses revealed that Co content
is less than La content for z > 0.5. Then, the chemical
formula is expressed as Srq_,LagzFei2_,Co,O19. Suppose
it has no defect, one formula unit contains y Co®" and
(z — ) Fe?T in addition to (12 — z) Fe**. In order to
obtain single crystals for x > 0.5, we grew single crystals
that have the limited Co content of y = 0.4. In these
compositions, we succeeded in growing single crystals.
One of the cleaved surface is displayed in the right inset
of figure 1, clean surface of which indicates the absence of
impurities. Chemical analysis using ICP shows that the
La and Co contents of these single crystals are almost
the same as the nominal compositions as shown in figure
1.

As mentioned above, we succeeded in obtaining sin-
gle crystals of Sr;_,La,Feis_yCoyO12 where y = x for
r <04, and y = 04 for x > 0.4, under a 10atm O
atmosphere. These single crystals, which have a variety
of chemical compositions, exhibit systematic variation of
the Curie temperature T¢ as shown in the upper panel
of figure 2, which indicates the success of single crystal
growth that have a variety of chemical compositions. Al-
though T monotonically decreases with z, the slope of
the Tc — x curve differs below and above x = 0.4. For
x < 0.4, T¢ is suppressed by both La and Co substi-
tution with the slope of dT¢/dx ~ —77.4K, which is
consistent with previous study.'® For = > 0.4, T is sup-
pressed by additional La substitution, and the slope is
dTc/dx ~ —33.7 K. The suppression of T¢ in La and Co
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FIG. 2. The variations of T¢, the lattice constants and the
unit cell volume of Sr;_;LazFei2—,yCoyO19 as a function of
La content x. In the region of x < 0.4, Co content ¥ is equal
to z. For x > 0.4, we fix y = 0.4. The lines in the graphs are
the results of linear fittings.

substituted samples with x < 0.4 is due to the reduction
of exchange coupling in the network of magnetic ions,
where a fraction of Fe** ions is replaced by Co®T ions.
Similarly, the suppression of T¢ for x > 0.4 is caused by
the replacement of Fe*T with Fe?T, the effect of which is
suggested to be less than that of Co®". Another possible
origin of the difference of the slope is that the substituted
site depends on the amount of substitution.

Systematic variations are observed also in the lattice
constants of the hexagonal unit cell. The variations of
the lattice constants a and ¢; and the unit cell volume V'
are obtained by using powder x-ray diffraction as shown
in the center and lower panels of figure 2, which is con-
sistent with previous study on powder samples!”. As is
different from T, we observed no difference between the
slopes of curves below and above x = 0.4. This fact sug-
gests that the difference between Co®" and Fe*' gives
little influence. The value of a slightly increases with z,
which is considered to be due to larger ionic radiuses of
Co*" and Fe?T than that of Fe*T. The difference of the
ionic radiuses is approximately 0.1 A'8. At z = 1, the
increment of a reaches approximately 0.005 A, which is
0.12% of a at x = 0. This increment is approximately
one twentieth of the difference of the ionic radius. In
contrast, the value of ¢ substantially decreases with z,
and the reduction of ¢ at = 1 is approximately 0.12 A,
which is 0.48% of ¢ at x = 0. The decrement of ¢ with
x is mainly governed by La, which has a smaller ionic
radius than that of Sr. These ions are coordinated by
12 oxygen atoms, and the difference of ionic radius with
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FIG. 3. The variation of saturation magnetization M per
formula unit as a function of La content xz. As is the same
as before, Co content y is equal to z for x < 0.4, and we fix
y = 0.4 for x > 0.4. Upper and lower panels are the results
measured at 5K and 300K, respectively. The filled circles
indicate the measured value and the bars scale experimental
errors. The lines are eyeguide. The inset shows, temperature
dependence of Ms for x = 0,0.4,1, which was measured at
1T for H || c.

12 coordination number is 0.08 A8, Although one unit
cell includes two La layers, the decrement of ¢ is limited
to one and half times as large as the difference of ionic
radius. As a result of the variations of @ and ¢, V « a2c
decreases with z, and V at £ = 1 is less than that at
x = 0 by approximately 0.25%. If we ignore the dif-
ference of magnetization, this decrement of the volume
enhances volume magnetization, which is preferable for
permanent magnets.

Using these single crystals, we conducted systematic
studies of magnetic properties. By applying magnetic
field H parallel to the c-axis, which is easy-axis, M eas-
ily saturates approximately at 0.1 T'3. Thus, saturation
magnetizations Mg were obtained as shown in figure 3.
Owing to the limit of the maximum range of the mag-
netometer we used, we have to use small single crystals,
typical mass of which is several mg. The experimen-
tal errors are evaluated to be approximately 1%, which
are mainly due to both resolution limit of the electric
balance and positional dependence of sensitivity of the
magnetometer. In spite of a margin of errors, systematic
variation is clearly observed. At 5K, My increases with
x for x < 0.4 and decreases for x > 0.4. This result
suggests difference between the sites occupied by Co**
for < 0.4 and Fe*T for z > 0.4. At z = 0, all the Fe
ions are trivalent, having a d® electron configuration and



magnetic moment of 5 up. While Co®T has an electron
configuration of d” and magnetic moment of 3 ug. Sup-
pose all the Co*" occupy minority spin sites, increment of
My at © = 0.4 should be 0.8 ug. The observed increment
is approximately half, which means that three fourth of
Co*' ions occupy minority spin sites, and the rest of
them occupy majority spin sites. Our results is consis-
tent with previous Méossbauer studies™®19 that suggest
Co®T occupies 4a (majority spin) site and 4f, (minority
spin) site, and NMR study? that suggests it occupies 4 f;
(minority spin) or 4 fs sites. The difference between M;
at x = 0.4 and z = 1 is in good agreement with the value
0.6 up calculated based on the assumption that all the
Fe?™ ions with 4 g occupy majority spin sites.

As is different from Mg at 5K, M increases mono-
tonically with x at 300K, although the slope of M-z
curve changes at x = 0.4. This difference arise from the
temperature dependence of M. As shown in the inset
of figure 3, M at x = 1 decreases slower than those at
x = 0,0.4 with increasing temperature. As a result, M
at room temperature has the largest value at z = 1. The
mean field theory of ferrimagnets suggests that magneti-
zation of small spin quantum number has smaller temper-
ature dependence than that of large spin quantum num-
ber below Tc. Hence, considering that Fe?™ is placed in
majority spin sites, thermal demagnetization would be
suppressed by the substitution of Fe>* with Fe?", which
has smaller spin quantum number. Our experimental re-
sult is in good agreement with this explanation. While,
M at x = 0 and 0.4 have almost the same temperature
dependence. The effect of small spin for the z = 0.4
sample is seemingly cancelled, since Co®" distributed to
both majority and minority spin sites.

In addition to saturation magnetization, magnetic
anisotropy is one of the most important properties as
materials for permanent magnet. Using single crystals,
we can examine magnetic anisotropy in detail. If mag-
netic field is applied along the c-axis of a single crystal, M
steeply increases up to My owing to the strong easy axis
magnetic anisotropy. This property was used in order to
measure Ms. In contrast, if magnetic field is applied per-
pendicular to the c-axis of a single crystal, M gradually
increases. In this case, the slope of the M-ugH curve
provides a measure of magnetic anisotropy.

The M-poH curves measured under H perpendicular
to the c-axis, are displayed in figure 4. At 300K, all
the M-uoH curves are almost linear up to M, and show
saturated behavior after that. The initial slope decreases
with z, indicating increment of magnetic anisotropy both
below and above x = 0.4. Similarly, the initial slope of
M-poH curve measured at 5 K, seems to decrease with x.
However, M-ugH curves measured at 5 K is qualitatively
different from those at 300 K. Only for SrFe12019 (z =
0), the curve is linear up to M; as is the same as those
at 300K. For z > 0.1, M linearly increases with puoH
up to approximately 80% of Mg, and the slope gradually
decreases. For largely substituted samples, M does not
saturate even at 7T, which is the highest field we applied.
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FIG. 4. The magnetization of Sri_;La,Fei2_,Co,O19 where
the magnetic field is applied perpendicular to the c-axis. The
effective magnetic field Heg is obtained by subtracting demag-
netization field. The upper panel shows magnetization curves
measured at 5K, and the lower panel shows those at 300 K.
The inset displays temperature dependence of magnetic sus-
ceptibility under magnetic field of 0.1 T in cooling process,
which indicates initial slopes of M-uoH curves.

The decrement of the slope is possibly due to the effect
of Co®T or Fe?", which will be discussed later.

The value of H at which M reaches M, is called
anisotropy field Ha, which is a measure of magnetocrys-
talline anisotropy. At 300K, each magnetization curve
has a singular point. By using singular point detection
technique,2’ Hy is defined as the value of H at the sin-
gular point, which is denoted as Hgpp here. At 300K,
the values of uoHspp can be easily evaluated from M-
noH curves in the lower panel of figure 4. However, this
technique does not work well at 5K, since some of the
magnetization curves at 5 K have no singular point. If a
M-poH curve is a straight line up to Mg, Hy is expressed
as uoHp = Ms/x 1, where x| is M/uoH under weak H
that is applied perpendicular to the c-axis. Here, we de-
fine Hp as puoHa = M/x1(0.1T). Although, the values
of Hy at 300K are slightly lower than those of Hgpp,
Ha can be measured in all temperature range by using
this definition.

In order to obtain temperature dependence of Hp, we
measured temperature dependence of M under 0.1 T that
is applied perpendicular to the c-axis. As shown in the
inset of figure 4, x, of the sample at z = 0 monotoni-
cally decreases with increasing temperature, the behavior
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FIG. 5. The main panel shows angle dependence of magne-
tocrystalline anisotropy energy F. of the x = y = 0.4 sample,
Sro.6Lag.aFei11.6C00.4019. The experimentally obtained FE,-
sin? @ curve, which displayed as a dashed line, is fitted using
two formula that are described in the figure. The lower panel
shows the difference between experimental data and fitted
ones. The inset displays temperature dependence of poHa.

of which is very similar to that of My in the inset of fig-
ure 3. In contrast, y, of the sample at x = 1 slightly
increases with temperature. Using x (T) under 0.1 T
and M(T), we calculated poHy as a function of temper-
ature, the result of which is shown in the inset of figure 5.
At x =0, poHa (= poHspp) is approximately equal to
1.8 T, which is almost independent of temperature. This
value of H is consistent with previous report.?! With in-
creasing x, Hpa is highly enhanced at low temperatures.
It reaches 4.2 T for the = 1 sample at 5 K. However, Hx
of high x samples substantially decreases with increas-
ing temperature. At 300K, pugHa of the z = 1 sample
is limited to 2.8 T, and poHspp is approximately 3.0 T.
Although this value is the highest value among previ-
ously reported M-type ferrites at room temperature, it is
much lower than that at 5 K. The enhancement of Hspp

for x < 0.4'92! and temperature dependence of Hspp
above 150 K222 were already reported. Although Hy is
slightly higher than Hgpp owing to the difference of def-
inition, our results are consistent with previous reports.
In contrast, the enhancement for x > 0.4 indicates that
Fe?' also enhances the magnetic anisotropy. Although
the enhancement of Hp was reported for LaFe;2019 at
low temperature??, the enhancement for z > 0.4 at room
temperature has not been reported before and discov-
ered for the first time. Please recall that the Co content
is fixed to 0.4 for z > 0.4.

To elucidate the origin of enhancement of Ha and grad-
ual decrement of the slopes of M-pugH curves at 5 K, we
evaluated magnetocrystalline anisotropy energy E,. Us-
ing a M-uoH curve under H perpendicular to the c-axis,
FE, can be obtained by

My sin 6
BAO)= [ poHdM,
0

where 6 is the angle between the c-axis and the magneti-
zation vector, namely, sin@ = M /M. If a M-pogH curve
is a straight line and M saturates at poH = poHa, Fa is
expressed as K1 sin? 0, where K1 = %HAMS is the first
uniaxial anisotropy constant. However, most of M-ugH
curves measured at 5K is not linear, indicating that F,
is not expressed using above formula. In figure 5, E, at
5K for the x = y = 0.4 sample is plotted as a function of
sin? 0. The E,-sin’ # curve is not linear, rather it is con-
cave upward. We tried to fit this curve using the formula
that includes higher order terms??,

E.(0) = Ky sin® 0 + Kypsin® 0 + - - -

The curve using Ky,; and K, is plotted in figure 5 as
an example. Although the result is better than that us-
ing a line, it does not reproduce the rapid increase of
experimentally obtained E, around sin®6 = 1. In order
to reproduce it, very high order terms are required. The
introduction of very high order term is not reasonable.

It was proposed that uniaxial magnetocrystalline
anisotropy is enhanced by single ion anisotropy of
Co**t25 which originates in spin-orbit interaction. The
energy of spin-orbit interaction is given by AL - S, where
A is the spin-orbit coupling constant, and L is the non-
vanishing orbital momentum. The direction of L is gov-
erned by crystal field, which depends on the sites. In the
hexagonal M-type ferrite, the sum of L is considered to
be parallel to the six fold axis, namely, the c-axis. Hence,
we suppose AL - S o« cosf. In order to fit the E, data,
we used a formula including spin-orbit interaction,

E.(0) = C1(1 — cosh) + Cysin’ 6,

where C7 and C5 are coefficients. The result of the fitting
for the x = y = 0.4 sample is plotted in figure 5. Com-
pared with the previous fitting, it well reproduce the data
in all @ region, indicating that this formula is useful in
this system.
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FIG. 6. The variations of two terms 2C5/M; and Cy/Ms and
the sum of them, which were obtained from the fittings of E,
at 5K. This figure includes also poHa = M;/x(0.1T) at 5K
and 300 K.

In the Maclaurin series expansion of this formula as
a function of sinf, the coefficient of sin®# is equal to
%Cl + C5, which corresponds to Ky;. Using this coeffi-
cient, poHa is given by 2K,1/Ms = Cy/Ms + 2Cs /Ms.
In figure 6, C1/Ms and 2C5/M; are plotted as a func-
tion of x, together with the sum of them and previously
obtained poHa = M;/x(0.1T) at 5K and 300K in the
inset of figure 5. The values of the sum of two terms are
approximately equals to those obtained from (0.1 T) at
5K. For x < 0.4, the first term is proportional to x =y,
which equals the concentration of Co®". It is nearly con-
stant for > 0.4, where y is fixed to the value 0.4. It is
quite reasonable that the first term, which corresponds
to spin-orbit interaction, is proportional to the content
of Co?*. In contrast, the second term is almost constant
for x < 0.6, and increases with x after that. This incre-
ment for z > 0.6 is attributed to the effect of Fe?™. As
is the same as Co*", Fe?* has non-vanishing orbital mo-
mentum and spin-orbit interaction. However, the details
are different. The spin state of Fe®" is usually treated
as a fictitious spin s = 1 with the single ion anisotropy
D522 which is likely to give sin? @ contribution to E,.
In the region of 0.4 < x < 0.6, the Fe?* has little effect
on both the first and second terms. For z > 0.6, Fe?"
seemingly starts to occupy a certain site that has large
D.

As previously mentioned, Hp is nearly independent of
temperature for x < 0.6, and largely depends on tem-
perature for x > 0.6. This difference is considered to
be due to the difference between spin-orbit interactions
of Co®t and Fe*. The value of \/kg is reported to be

approximately —256 K and —148 K for Co** and Fe®T,
respectively?”. At 300 K, spin-orbit interaction of Fe*T is
likely to be highly suppressed by thermal fluctuation ow-
ing to the small X. In addition, the effect of Co*" is also
depend on temperature in a different manner. At low
temperatures, Co?™ has the spin state that is treated as
a fictitious spin s = 1/2 as a result of spin-orbit interac-
tions, and the single ion anisotropy of Co®" is expressed
as AL - S. With increasing temperature, the upper levels
starts to admix into the ground state, which violates the
s = 1/2 state. As a result, the single ion anisotropy of
Co** is in the form of Ds? at high temperatures. Hence,
the cos@ term reduces and the M-ugH curve becomes
almost linear at room temperature, and the value of Hp
is almost independent of temperature for x < 0.6, where
the effect of Co*" is dominant.

IV. CONCLUSIONS

In this work, we successfully grew single crystals of
hexaferrites Sri_,La;Fei2—yCoyO19 (z =y for z < 0.4,
y = 04 for x > 0.4), and investigated their mag-
netic properties. With increasing x, the unit cell vol-
ume decreases, and both saturation magnetization and
anisotropy field monotonically increase. We conclude
that LaFe;;.4Cog.4012 is the best candidate that could
have high maximum energy product in hexaferrites.
Especially, by using the directly measured magnetic
anisotropy of single crystals, we established a proper
analysis method to characterize their microscopic origins.
This analysis gives strong evidence that the enhancement
of anisotropy field for x < 0.4 originates in the spin-orbit
coupling of substituted Co®" ions. Moreover, we found
for the first time that single ion anisotropy of Fe?T also
enhances anisotropy field for x > 0.4 at room tempera-
ture. In this work, LaFe;1 6Cop.4012 was prepared with
the new idea that the same amount substitution of La and
Co is not necessary for Sri_,LazFeia_,,Co,O19 system,
and that the produced Fe®" further enhances magnetic
properties. Our result indicate possibility of developing
a high Ha hexaferrite without Co utilizing the enhance-
ment of Hy by Fe?T.
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