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The study on the magnetocrystalline anisotropy (MA) of La—Co co-substituted strontium hexaferrite (La-Co SrM)
shows a joint effect of Fe2* and Co?" ions in the enhancement of MA. Since the role of Fe?* single ion has been
studied with La-substituted strontium ferrite, in this work, Co-substituted strontium hexaferrite SrFe;2 ,C0,O19
(Co-SrM) single crystals were successfully grown for 0 < x < 0.31 by the NayCO3 flux method to elucidate the
anisotropy of Co®" single ions. Co-substitution in this preparation condition has a limit solubility of 0.31 and
enhances uniaxial magnetic anisotropy field Hx by 19% for 0.03 = x < 0.11, with a mere loss of 7% of saturation
magnetization Mg at 5 K. The enhanced Hy, of Co-SrM is reported for the first time, even higher than that of La—Co
SrM, which is suitable to be used as permanent magnets in this concentration range. But with the further sub-
stitution of Co, the planar anisotropy of x = 0.31 was observed at 5 K. The potential nonlinear magnetic structure
of Co-SrM remains to be discovered for magnetoelectric effects. This work is also of great significance as a
complement to the magnetocrystalline anisotropy study of La-Co SrM.

furthermore, polycrystalline samples also bring challenges to the
experimental analysis due to the complex local structures and defects.
Thus, high-quality single crystals are essential to study the critical role of

1. Introduction

Magnetoplumbite-type  (M-type) strontium hexaferrite like

SrFe;2019 (SrM), permanent magnets have increased progressive
attention due to the large uniaxial magnetic crystalline anisotropy, cost-
effective and chemical stability [1-4]. Therefore, many efforts have
been made to optimize the permanent properties by chemical modifi-
cation. Especially, the 20% enhancement in the coercivity Hc; can be
obtained by simultaneous substitution of La and Co in StM [5,6], and has
been directly commercialized. At the same time, the residual angular
momentum of Co?" (3d”) is responsible for the large magnetocrystalline
anisotropy (MA) and the optimized permanent performance. Although
many efforts have been devoted to clarifying the correlation between the
occupation sites of Co substitution and enhanced MA, to date, the un-
derlying mechanism is not clear since Co site preference has always been
a controversial issue [7-16]. The complicated crystal structure and
limited Co solubility make it difficult to identify the Co occupation sites,

Co substitution in the enhanced MA.

Systemic research on single crystals AB12019 (A = Sr, Ca, Na, etc; B=
Fe, Co) has been adopted by researchers worldwide in recent years.
Shimoda et al. [17] have studied MA of La and La—Co substituted SrM
single crystals prepared by the NayO flux method. For Sr.,La,Fe;2019,
the dilution of magnetic uniaxial anisotropy with increasing x within x
< 0.5 is related to the appearance of Fe?* due to the charge balance. For
Sry.xLayFe12,,Co,019 compounds, the uniaxial anisotropy is enhanced,
resulting from the Co substitution instead of Fe?*. Furthermore, Ueda
et al. prepared single crystals Sr1_ LayFe12.,Coy019 (x =y forx < 0.4,y =
0.4 for x > 0.4) by traveling solvent floating zone (TSFZ) technique [18].
The spin-orbit coupling of substituted Co?" ions is mainly responsible
for the enhancement of uniaxial anisotropy for x < 0.4, while the pro-
duced Fe?* further enhances the uniaxial anisotropy for x > 0.4. And
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then Waki et al. continued to study this problem in-depth and prepared
single crystals Ca-La-Co and Na-La—Co magnets to compare the
Co-substituted M-type ferrites with different non-magnetic A cations and
to clarify the mechanism of the A cations affect in the MA [19,20].
Meanwhile, massive works have focused on the effect of Co"
co-substitution with another tetravalent ion [21-23], while the effect of
a single B cation, especially Co?*, on the MA of SrM has been somehow
neglected.

On the other hand, Co?" substitution is important in manipulating
easy-axis in hexaferrite and even in spinel ferrite [24-26]; predomi-
nantly planer anisotropy has been observed for Co-Ti co-substituted
M-type ferrite and other types of hexaferrite, such as Y-type SrFe;s.
Co2022 [27] and X-type SraFeggCo2046 [28,29]. Furthermore,
Co-substituted M-type hexaferrite polycrystalline samples were studied
as microwave materials as well as magnetic and magneto-optical
recording media [30-38], while the magnetic properties showed great
variation with different preparation methods. Nevertheless, Vinnik et al.
prepared Co-substituted BaM single crystals by Nap,CO3 flux and mag-
netic properties were measured by powder sample [39]. However, it is
misty to attribute the reduced H.j of single-crystal powder to the
decrease in MA, because H,; is a structure-sensitive parameter and the
H_,; of single crystals is close to zero due to the easily movable domain
walls [40], while MA is an inherent property of materials. In addition,
Dixit et al. investigated the effect of Co-substitution at the Fe sites on the
magnetic properties of StM by using the first-principles method based on
density functional theory [41]. The enhancement of anisotropic field Hy
by 17.1% in the Co substitution showed a contradiction between the
experimental and calculated results.

Considering the enhanced MA of La-Co co-substituted SrM is influ-
enced by the joint Co®>" and Fe?™, the effect of single ion Fe?* has been
studied in detail through La-SrM [42], while the effect of single ion Co**
remains dimness yet. This work reveals the effect of the Co-substitution
on MA through the macroscopic magnetic and structural analysis in
SrFe; ,C0,019 (Co-SrM, 0 < x < 0.31) single crystals. Interestingly,
enhanced Hy was obtained at a relatively slight Co substitution con-
centration (0.03 < x < 0.11), and even higher than La—Co SrM with the
same Co concentration, which is because of the occupation of the 12k
site by Co ions to compensate for the negative effect of this site on MA.
The high permanent magnetic performance in this range is beneficial for
practical applications. Besides, with a further increase in
Co-substitution, the uniaxial anisotropy becomes planar anisotropy
which the 12k and 2a sites prefer and results in a decrease in Hy. It can
be speculated from this study that, Co only contributes to uniaxial
anisotropy when co-substituted with the rare earth ion La, otherwise Co
favors planar anisotropy when substituted alone or with other ions,
which is essentially caused by different occupancies.

2. Experiments
The parent and Co substituted M-type strontium hexaferrite single

crystals were grown by the NapyCOj3 flux method. SrCO3 (99.95%), FexO3
(99.99%), Co304 (99.99%), and Nap,COs3 (99.9%) were weighed and
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mixed well by a planet ball mill for 12 h. All raw materials were
proportioned according to nominal substitutions shown in Table 1,
where the mole ratio of Na/Sr is 4.995. And then, the initial mixture was
filled into a 30 mL platinum crucible and heated in a furnace under an
ambient atmosphere. The furnace was maintained at 1260 °C for 3 h
followed by cooling with a rate of 2.5 °C/h to 900 °C and naturally
cooled down to room temperature. After that, these crystals were
separated from the solidified melt by leaching in hot hydrochloric acid
and cut typically into rectangular with a typical size of 3X3%1 mm? to
reduce the demagnetization factor, which was calculated according to a
reported method [43]. To confirm a single M-type phase of the samples
and estimate lattice parameters, part of these crystals were crushed into
powder for X-ray diffractometer (XRD, Rigaku D/Max-2400) measure-
ment. The concentrations of the elements were measured by inductively
coupled plasma atomic emission spectrometry (ICP-AES, IRIS Intrepid II
XDL). The Curie temperatures were determined using a differential
scanning calorimeter (DSC, Netzsch STA-449). The magnetization
measurement is performed on the vibrating sample magnetometer
(SQUID-SVM, Quantum Design) in the temperate range of 5-300 K and
fields up to 50 kOe. After eliminating the shape anisotropy of samples by
calculating the demagnetization factors, the hard-axis (Hlc) and
easy-axis (H||c) magnetization curves were normalized to get their
saturation magnetization Mg and magnetocrystalline anisotropy (MA).
The anisotropic field Hy is usually defined as the field where the hard
magnetization saturates, which is evaluated as an indicator of MA. But
the hard magnetization curves of ion-substituted hexaferrite are not
linear and cannot be estimated by the singular point detection (SPD)
method [44]. Thus, the formula Hy = 2K;/Mg was adopted to discuss the
MA, where K; is the first anisotropy constant, estimated by the area
surrounded by easy- and hard-magnetization curves.

3. Results and discussion

The schematic crystal structure of M-type strontium hexaferrite
(SrM) is depicted in Fig. 1(a). It is obvious that the SrM crystallized in
hexagonal ferrite can be considered as an alternating stacking of the Sr-
containing hexagonal R block and the spinel S block along the c-axis. The
block turned 180° around the hexagonal c-axis marked out by symbol *.
Five inequivalent Fe sites with three octahedral sites (2a, 4f2, 12k), one
bipyramidal site (2b), and one tetrahedral site (4f;) in the unit cell are
shown in Fig. 1(a). The superexchange interaction between oxygen and
iron atoms split the magnetic structure to the majority spin up at 2a, 2b
and 12k, and the minority spin down at 4f; and 4f sites along the c-axis,
resulting in a ferrimagnetic structure with 20 up per formula unit (f.u.).
Fig. 1(b) shows the obtained regular hexagonal shapes single crystal of
SrM with general sizes up to 5 mm. Room-temperature X-ray powder
diffraction patterns were collected on pulverized single crystals as
shown in Fig. 1(c), and the lattice parameters obtained by Rietveld
refinement were shown in Table 1. All peaks can be indexed as the M-
type hexaferrite crystallized in a hexagonal unit cell with space group
P63/mmc. And the X-ray diffraction pattern for SrM single crystal is also
shown in Fig. 1(c), with diffraction peaks only indexed as the (000)

Table 1

Chemical composition, lattice parameters, magnetic properties, and Curie temperature for SrFe;»,C0,019 single crystals.
Sample x* a c v Ms (up/fu) Hj (kOe) Tc

A A A3 5K 300 K 5K 300 K K

SrM 0 [0] 5.8817(1) 23.0336(7) 689.10(5) 19.97(3) 14.09(1) 17.43 18.50 742.23
Coo.03 0.0316 [0.1] 5.8859(3) 23.0429(4) 689.45(4) 18.86(4) 13.57(6) 18.39 18.98 736.52
Cog.05 0.0542 [0.2] 5.8878(5) 23.0429(1) 689.46(4) 18.48(5) 12.97(1) 20.76 19.90 730.43
Cop.11 0.1059 [0.4] 5.8884(3) 23.0330(2) 688.37(3) 18.54(2) 13.29(5) 20.32 20.98 726.05
Coo.15 0.1521 [0.5] 5.8797(4) 23.0257(6) 687.55(8) 17.49(1) 12.54(5) 18.01 18.72 723.15
Coop.20 0.1974 [1.0] 5.8778(4) 23.0214(5) 687.16(5) 17.22(1) 12.35(3) 16.12 15.80 721.68
Cog .25 0.2497 [1.2] 5.8764(2) 23.0197(1) 687.11(7) 16.60(2) 11.90(3) 14.10 14.85 721.14
Cogp 31 0.3109 [1.5] 5.8680(3) 22.9826(2) 687.01(1) 16.72(3) 11.42(1) 5.36 10.18 720.25

2 Values in [ ] means nominal compositions.
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Fig. 1. (a) Schematic crystal structure, (b) the obtained single crystals of SrFe;5019, and (c) the XRD patterns of powder and the surface for SrFe;,019 single crystal.

plane, indicating the highly-orientation in the samples.
The Co-substituted single crystals SrFe;s.,Co0,019 (Co-SrM) were

grown by using the NayCOs flux method. The Co actual concentration is
determined by ICP measurements and listed in Table 1, accounting for
merely 18% of the nominal amount on average. For simple description,
SrFe;1.97C00.03019, can be denoted as Cogg3, and the rest can be
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followed by analogy. As detected by XRD, Co-SrM single crystals without
any impurity were obtained in the range of x values from 0.03 to 0.31,
the solubility limit of 0.31 is consistent with the previous reports [33,
39]. With the increase of Co substitution, the variation between the
actual and nominal concentration becomes larger due to the second
phase such as CoFe;04. The limited solubility in M-type hexaferrite is

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
Co concentration x

Fig. 2. Co concentration x dependencies of (a) lattice parameters a and c, (b) cell volume V, (c) Curie temperature Tc, and (d) saturation magnetization Mg at 5 K and
300 K. The abnormal changes in cell parameters were marked out by the green rectangle. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

1890



R. Liu et al.

due to the charge compensation mechanism since Co is divalent while Fe
is trivalent. For simple aliovalent substitution the homogeneity ranges, i.
e., x typically remains small. In the case of complete substitution with
divalent Co ions, the charge balance causes vacancies in the oxide
substructure, which may preferentially occur on one or several of five
different crystallographic sites [35].

The lattice parameters a, ¢, and unit cell volume V of Co-SrM are
shown in Fig. 2(a)-(b). At very low concentrations for Co, some increases
were observed in the unit cell parameters compared to pure SrM, which
is because the radius of Co* ion (0.74 A) is larger than that of Fe®' ion
(0.67 A). Nevertheless, with the higher increase of Co concentration, a
monotonical decrease of lattice parameters occurred. It may be postu-
lated that some oxygen vacancies must exist to maintain the electro-
neutrality of the structure when the Fe3" ions are replaced by divalent
ions. Consequently, accurate thermogravimetric analysis (TGA) was
carried out in an attempt to confirm their existence in the Co-SrM. The
samples were measured under oxygen atmosphere to examine oxidation
of Co?* ions, using temperature of 10 °C/min from 20 to 1200 °C. The
TGA results of all samples, except pure SrM, exhibited varying degrees of
weight gain at the end of heating as shown in Fig. 3. The consequences of
the weight gain in terms of stoichiometry are shown in Table 2. The
calculated oxygen vacancies § are similar to the theoretical values ob-
tained from the chemical formula, proving that the weight gain was due
to the filling the oxygen vacancies and that the substituted Co ions in
these samples are divalent Co?t and not Co>*, otherwise the TG curves
would not have such a significant weight increase. It is certainly the
above results do not completely exclude the presence of Co>*, but the
amount of Co>" is very tiny even when exit in ferrites [13] under the
current experimental conditions and can be further confirmed by nu-
clear magnetic resonance in the future.

Besides, the Curie temperature T as a function of Co concentration is
exhibited in Fig. 2(c). Similar to the ion-substitution hexaferrite mag-
nets, Tc monotonically decreases with Co concentration due to the
weakening of Fe-O-Fe interactions by Co substitution. Saturation
magnetizations Mg were obtained as shown in Fig. 2(d). In general, Mg
decreases with the increase of Co concentration at all temperature, and
notably, Mg keep a relatively high value with slight Co concentration,
which is consistent with the green rectangle marked out. To date, the
occupied sites of Co-substituted Sr hexaferrite are not clear. Some
studies suggest that Co ions occupy 4f» and 2b sites [37,45], but this is
not accurate because the single Co-substituted ferrite is not the same as
those with La-Co or Co-Ti substitution, and the presence of other ions
may cause Co to occupy specific sites. It was been calculated that Co
preferentially occupied 12k and 2a by first principles [41]. To sum up,

100.23 I
?0.2138 %
100.20 |
9 gbo] 0
100.17 70.1 T !
g 100.14 |
10011
]
=
100.08 20.0758 %
100.05
?0.0344 %
100.02 ?0.0207 %
9999 A 1 A 1 A 1 A 1 A 1 A 1
200 400 600 800 1000 1200
Temperature (6C)

Fig. 3. TG curves of SrFe;,,C0,0;5 single crystals from 20 to 1200 °C at 10 °C/
min under oxygen atmosphere.
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Table 2
TGA of SrFe;5.,C0,019.5 samples.
Samples  Calculated Calculated Calculated Theoretical
weight increase oxygen vacancies & values of §
(%) (%)
SrtM 0 0 0 0
Coo.03 0.0207 0.0722 0.0137 0.015
Coo.05 0.0344 0.1202 0.0228 0.025
Coo.11 0.0758 0.2645 0.0502 0.055
Coo.15 0.1034 0.3606 0.0685 0.075
Coo.20 0.1379 0.4807 0.0913 0.100
Coo.25 0.1724 0.6001 0.1141 0.125
Coog.31 0.2138 0.7448 0.1414 0.155

the decreased M is because Co?" mainly occupies the spin upward sites
and the magnetic moment of Co?" (3 yp) is less than Fe3* (5 up), but the
occupancy may change with increasing concentration.

For permanent magnets, the coercivity is closely related to magne-
tocrystalline anisotropy (MA). The anisotropic field Hx can visually
characterize the strength of uniaxial anisotropy and can be obtained by
using the magnetization curves of the magnetic field H along with the
different directions in the single crystals. In this context, the magneti-
zation curves of the SrFejs,Co,O19 (0 < x < 0.31) with H parallel and
perpendicular to the c-axis at 5 K are shown in Fig. 4(a). Obviously, all
Co-SrM single crystals exhibit uniaxial MA similar to StM at 5 K, except
for Cop 31 where the easy magnetization axis is within the ab-plane due
to the easier magnetization of the hard-axis than the easy-axis at low
fields. As Co concentration x increases, the H at which the hard-axis
magnetization curves reach saturation increases first and then de-
creases, indicating that the non-monotonic variation of the MA of Co?*
in the concentration range of 0 = x < 0.31. In previous reports, the
increased anisotropy of La-Co SrM resulted from the effect of Co*t [17,
18], and the MA effect of Fe?' ion on La-SrM is concentration- and
temperature-dependent [42]. In this work, the slight Co single ion
exhibit an optimized effect on the MA of Co-SrM, while the heavy Co
single ion will dilute the MA, which will be discussed from concentration
and temperature.

The isothermal magnetization curves of Cog 3; parallel and perpen-
dicular to the c-axis at 5 K and 300 K are shown in Fig. 4(b). Compared
with the c-axis, it is easier to be magnetized under a low magnetic field
in the ab-plane, showing the characteristics of planar anisotropy at 5 K
marked in the red rectangle. Moreover, a spin reorientation transition
from an easy plane to an easy axis state with the temperature increasing
was verified by the temperature-dependent magnetization curves in two
directions of Cop 31, as shown in the inset of Fig. 4(b). The temperature
of this transition Tsg was approximately 59 K by differentiating the
curve in the direction of H.Lc. Such anomalies will make the estimated
Hp extremely small. As the temperature rises to 300 K, Cog 3; exhibits
typical uniaxial anisotropy but the nonlinear hard-axis magnetization
curve also shows the presence of a nonlinear magnetic structure. Actu-
ally, A. M. Balbashov et al. [46] have prepared SrCo,Mgo.125x-
Feia_1.125x019 single crystal with Co concentration of 0.8 by floating
zone method, showing the main phase of this sample is W-type instead of
M-type. Therefore, a complete planar MA was introduced to this sample
in all temperature ranges. Similarly, J. Kreisel et al. [47] found that the
MA of Co-Ti BaM transformed from uniaxial into planar with the in-
creases of Co-Ti concentration due to the conical magnetic structure.
The reason for this transition is that Co®>" occupies the 12k and 2a
octahedral sites, while the tetrahedral sites have a strong noncubic
(triangular) component in the nearest neighbor crystalline field [48].
Thus, it can be predicted that a further increase in Co substitution for x
> 0.31 leads to the change from uniaxial to planar anisotropy and in-
creases the tendency of the conical magnetic structure, resulting in
magnetoelectric effects similar to those of BaFe;5,Co,TiyO19 [49] and
SrFe;.,Sc,O19 [50] systems. Hence Co-substituted M-type ferrite can be
used to reduce the loss at high frequencies whilst enhancing the
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Fig. 4. (a) Easy- (H||c) and hard-axis (H_Lc) magnetization curves of SrFe;5.,C0,0;2 single crystals. The field has been corrected for the demagnetizing field by taking
account of the sample shape [43]. The easy-axis curve is shown for only SrFe;,0,9 The inset shows the magnified view at 10-30 kOe. (b) Magnetization curves of
Cog.31 measured parallel and perpendicular to the c-axis at 5 K (red) and 300 K (black) with the inset of temperature dependence in both directions under 100 Oe. The
planar anisotropy characteristic of Cog 3; at 5 K is marked out by the red rectangle. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

permeability of microwave material [32,34,51].

Fig. 5(a) shows the magnetic anisotropy Ha plotted against Co con-
centration x at 5 K. As seen previously, Co?* promotes the MA when x <
0.15, which is consistent with the calculations in the literature [41].
However, when 0.15 < x < 0.31, Co®* shows a negative effect on MA,
which can be supported by most experimental results [34,48,51-53].
There would be two possible explanations, “site selectivity” and “local
strain”. On one hand, the anisotropy constants for each site of Fe>* ions
in M-type ferrite have been calculated and it was found that only the 12k
site hurts the anisotropy [54], so Co®" occupying the 12k site can
compensate for part of the negative effect. But when concentration
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becomes higher, despite the large orbital moments of Co®" ions at 12k
and 2a sites, they may act negatively on MA, preferring planar or cone
MA instead [55]. On the other hand, the magnitude of the Co orbital
moment, as an origin of the anisotropy, is expected to correlate with the
local strain of the coordination polyhedron [14]. For example, Ca-La—Co
system with small c/a ratios exhibited larger MA than Na-La—-Co system
when the Co concentration is low [56]. As the inset of Fig. 5(a) shows,
the c/a ratios of Co-SrM single crystals decrease when x < 0.15, which
implies the coordination polyhedral is shrunk along with c, resulting in
an enhancement of the uniaxial MA. When 0.15 < x < 0.31, the c¢/a ratio
increases and becomes larger, and different extent of the local strain can
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Fig. 5. (a)Magnetic anisotropy field, Hy, at 5 K for SrFe;» ,C0,019 (the red circles) plotted against Co concentration x. Data of the La—Co SrM single crystals [17] (the
blue squares) are also plotted. The highlighted area shows that the Hx of Co SrM is higher than that of La—Co SrM in this Co concentration range. The inset is the
lattice parameter c/a ratio of Co SrM (the red dotted line) and La—Co SrM [17] (the blue squares) against x. (b) The temperature dependence of Hy for all samples.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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be responsible for the difference in anisotropy. Further work is necessary
to confirm the speculation after the determination of Co?" occupancy in
Co-SrM.

It is worth mentioning in Fig. 5(a) that when x < 0.15, the Hp of Co-
SrM is larger than that of La-Co SrM [17] at 5 K as the same Co sub-
stitution concentration due to the smaller c/a value of Co-SrM than that
of La—Co SrM [52,53]. To our knowledge, the enhanced Hp of Co-SrM in
this Co concentration range has not been reported before, with Hy
increasing by 19% and Mg only losing 7% at 5 K for Cog 5 compared to
that of SrM. However, with the further increase of x, the Hp of La—Co
SrM increases monotonically while that of Co-SrM keeps decreasing. It
can be concluded that the Co®" single ion inhibits the uniaxial anisot-
ropy of M-type ferrite when 0.15 < x < 0.31. As mentioned earlier,
Co-substitution with other ions reduces the magnetic anisotropy
[57-60], but increases with rare-earth ions [61,62]. It is also known that
Fe?* single ion has a negative effect on Hy at low concentrations [63].
Therefore, the enhancement of MA in La-Co SrM must be due to the joint
influence of Co?" and Fe?". It can be reasonably speculated that when La
and Co substitute Sr hexaferrite simultaneously, Co*" ions mainly
occupy the 4f; site since La-substitution causes Fe>* to Fe?* at the 2a site
in La-Co SrM, which contributes to the enhancement of magneto-
crystalline anisotropy [16]. It is quite interesting that different sites
occupied by Co in various substitution cases lead to diverse magnetic
properties.

From the perspective of temperature, the temperature dependence of
Hy of all the Co-SrM samples along with StM is shown in Fig. 5(b). The
Hp of Co-SrM is larger than that of SrM for 0 < x < 0.11 over the whole
temperature range. It is known that the coercivity H; is primarily
dependent on magnetocrystalline anisotropy and structure parameters.
Therefore, Co-SrM for 0.03 < x < 0.11 has the potential to be used as
permanent magnets. But for 0.11< x < 0.15, Hp begins to decline and
drops sharply at x = 0.31. The decreased Hp of Cog 3; is related to the
type change of MA observed previously. At the same time, the Hp of Co-
SrM is nearly independent of temperature similar to SrM, except Cog 31.
The Hj of Cog 33 reduces significantly with decreasing temperature, and
this temperature dependence was revealed in the neutron study of Baj .
+«C0xTixO19 (Co-Ti BaM), which maintained ferrimagnetic structure at
200-300 K when x < 0.11, but samples with x > 0.8 formed complex
helimagnetic structure when temperature down to 2 K [47]. As a whole,
Co?* affects Hy in the full temperature range. Previous studies demon-
strate that the effect of Fe?* on MA is temperature localized, because the
Hp of La-SrM exhibits disparate temperature dependence with various
La concentrations [42], and the Hp of unequal substitution of La—Co StM
also largely depends on temperature [18]. It is considered to be the
difference between spin-orbit interactions of Co?* and Fe?*, which is the
origin of single-ion anisotropy. The value of A/kxp is reported to be
approximately —256 and —148 K for Co?" and Fe?*, respectively [64],
where A is the spin-orbit coupling constant and xp is the Boltzmann
constant, 1.38X107'® erg/K. At high temperatures, the spin-orbit
interaction of Fe?" is likely to be highly suppressed by thermal fluctu-
ation owing to the small A but Co®" doesn’t.

4. Conclusion

The effects of Co-substitution on lattice parameters, Curie tempera-
ture, saturation magnetization, and uniaxial magnetocrystalline
anisotropy (MA) were studied thoroughly through SrFe;3,C0,019 (Co-
SrM) single crystals. First, due to the oxygen vacancy formed by charge
compensation, the lattice parameters of Co-SrM increased briefly and
then decreased monotonically. And since Co®' tends to occupy the
majority spin up sites of Co-SrM, the saturation magnetization Mg
continued to decrease. Meanwhile, the MA of Co®" single ion was dis-
cussed in detail from the perspective of concentration and temperature.
Unlike Fe?*, the effect of Co?t on magnetic anisotropy field Hy was over
the full temperature range. However, the enhancement Hp of Co-SrM for
0.03 < x < 0.11 was observed for the first time, even higher than that of
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La—Co SrM, which is favorable for the application of permanent mag-
nets. But for x > 0.15, the introduction of Co?* preferred the planar MA,
resulting in a significant loss of Hy in Co-SrM. The variations of MA can
contribute to the formation of the nonlinear magnetic structure to
induce electric polarization, thus the Co-SrM with high Co concentration
can be used as magnetoelectric material. As Co single ion effect on MA
revealed, the enhanced MA of La-Co SrM is more clarified. Since the
occupation of spin-up 12k and 2a sites, the uniaxial anisotropy of Co-
SrM was diluted. But the co-substitution with excess La®" produces
FeZ" at the 2a site and makes Co?* mainly occupy other spin-down sites,
which clearly shows different effects of Co?" on magnetocrystalline
anisotropy in different cases.
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