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Mössbauer studies of magnetic anisotropy for BaFe12À2xCoxZr xO19
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The magnetic anisotropy of BaFe1222xCoxZrxO19, with x50 –1.2 has been studied using Mo¨ssbauer spectra.
Co and Zr ions are found to occupy the 12k and 2b sites preferentially. The quadrupole splittings suddenly
decrease in magnitude and are even opposite in sign for the sample ofx51.2, as compared to other samples.
The angle factor,b5A2,5/A3,4, are found to be 0.41 and 0.25 forx50 and 0.4, but 1.41 forx51.2. These
indicate that Co-Zr substitution can modify the anisotropy of BaFe1222xCoxZrxO19. A general formula ofb is
derived for nonfully aligned samples with the hexagonal structure by introducing the Gaussian-distribution of
magnetic moments to a alignment direction. From the formula, the values ofb are calculated to be 4/3 and zero
for fully aligned samples with easyc-plane and easyc-axis anisotropies, respectively. In addition, the mean
deviation of alignment is also obtained.
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I. INTRODUCTION

BaM ferrites have attracted much attention due to th
extensive applications in industry, technology and daily l
as permanent magnets, perpendicular recording media,1,2 or
electromagnetic wave absorption materials.3–5 In all of these
applications, a high saturation magnetization and Curie t
perature are desired; however, coercivity is dependent on
various applications. Permanent magnets need a high c
civity; the recording media require an appropriate level
coercivity, while the absorption materials should essentia
be a soft magnetic material. For BaM ferrites, coercivity
closely related to the magnetic anisotropy, which can
modified by substituting Fe31 with other ions.

BaM ferrites have five Fe sites: 4f VI , 4f IV , 2a, 2b, and
12k sites. The distributions of substitution ions on the fi
sites can strongly influence magnetic properties, such
saturation magnetization and magnetic anisotropy.6–9 It is
known that Fe ions provide the largest positive contribut
at the 2b site, a relatively weak positive contribution at th
4 f VI , 4f IV , and 2a sites,10,11 and a negative contribution a
the 12k site.12 Hence other ion substitutions for Fe ions cou
lead to an increase or decrease in the anisotropy field,
could even modify the anisotropy from an easyc axis to an
easyc plane.13–15

Many techniques, such as torque, magnetization cu
and susceptibility, can be used to study the magnetic an
ropy. Mössbauer spectroscopy is one of the important to
In Mössbauer spectra, the angle factorb is defined as the
ratio of the intensities for the sum of the second and fi
lines to that of the third and fourth lines, i.e.,b5A2,5/A3,4,
whereAi , j is the sum of the intensities for thei th and j th
lines.b is given by

b5
4~12cos2b!

11cos2b
, ~1!
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whereb is the angle between the Fe magnetic moment
g-ray propagation directions. Usually, for a sample with ra
domly oriented particles, the value ofb is equal to 2. How-
ever, for an aligned sample, the value ofb is zero when the
sample has an easyc-axis anisotropy (b50) and the value is
equal to 4 when magnetic moments are rotated into thc
plane (b5p/2). Based on Eq.~1!, Li et al.16 and Cadoganet
al.17 investigated the spin reorientation from an easyc-axis
anisotropy at room temperature to an easy plane anisot
at low temperature for aligned DyFe10Cr2 and DyFe11Ti.

In this paper, we report that the value ofb is equal to 4/3
if an aligned sample with the hexagonal structure has a
nar anisotropy. It is noted that Eq.~1! is valid only under the
following conditions:~a! the sample has an easyc-axis an-
isotropy when it is aligned, and~b! The sample must be fully
aligned. However, it is very difficult to prepare the full
aligned sample experimentally. Here we introduce the Gau
ian distribution as a deviation function between the magn
moments and alignment direction, and derive a general
mula of b for nonfully aligned samples. Based on the fo
mula,b54/3 is found for the easyc-plane anisotropy. To the
best of our knowledge, these results have not been repo
in theory or experiment previously. In addition, Mo¨ssbauer
parameters (d, e, Hh f), the site occupancy and the effect
these parameters on the magnetic properties are also
cussed for BaFe1222xCoxZrxO19.

II. EXPERIMENT

Samples of BaFe1222xCoxZrxO19 with x50, 0.2, 0.4, 0.6,
0.8, and 1.2, were synthesized using conventional cera
techniques. A mixture of BaCO3, Fe2O3, Co3O4, and ZrO2
in the required ratio for BaM ferrite were presintered
1300 °C for 3 h, and subsequently crushed and ball mill
Finally, the powders were shaped and sintered in O2 at
1200 °C for 6 h. Aligned samples were prepared by mixi
fine powders of BaFe1222xCoxZrxO19 with epoxy resin and
©2003 The American Physical Society09-1
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placing the mixture in an applied field of 4–8 kOe for Mo¨ss-
bauer experiments.

X-ray diffraction showed that all the BaFe1222xCoxZrxO19
samples, withx50 –1.2, are single phase with hexagon
structure. The x-ray-diffraction patterns of the align
samples show that samples withx50 and 0.4 have an eas
c-axis anisotropy, while the sample withx51.2 has an easy
c-plane anisotropy. The magnetic properties and lattice
rameters are shown in Table I.

57Fe Mössbauer spectra were taken at room tempera
using a conventional constant-acceleration spectrometer.
g-ray source was57Co in an Rh matrix. Calibration wa
performed using the spectrum ofa-Fe. Mössbauer spectrum
of BaFe1222xCoxZrxO19 with x50 was fitted by four sextets
with Lorentzian line-shape, corresponding to the five diff
ent crystallographic sites 4f VI , 4f IV12a, 12k, and 2b, re-
spectively. For samples withx.0, the subspectrum on th
12k site may be decomposed into two or thr
subcomponents,18 12k, 12k1, and 12k2, which correspond to
various Co-Zr neighboring configurations at the 12k site.
Some constraints were used. The electrical-quadrupole in
action was treated as a perturbation on the magnetic-di
interaction. The area ratios of the six absorption lines in e
sextet were assumed to be 3:2:1:1:2:3 for nonalig
samples. For a given sextet, the six linewidths may be
equal because there may be various numbers of Co-Zr ne
bors with different electric-quadrupole and magnetic-dip
interactions. Each line actually comprises unresolved o
lapping patterns.

III. RESULTS

A. Quadupole splitting, isomer shift, and hyperfine field

Mössbauer spectra at room temperature
BaFe1222xCoxZrxO19 together with fitted subspectra a
shown in Fig. 1. The points in the figure are the experimen
spectra and the solid lines represent the fitted curves.

The quadrupole splittingŝe& averaged over the 4f VI ,
4 f IV , 2a, and 12k sites ande2b on the 2b site, as a function
of Co-Zr substitutions, are shown in Fig. 2~a!. When x
<0.8, both^e& and e2b are considered as linear, to a goo
approximation. However, for the sample withx51.2, there
is sudden drop in magnitude for^e& ande2b , and there is a
change in sign for̂ e&. The values of^e& and e2b are

TABLE I. Lattice parametersa andc, special saturation magne
tizations Ms , coercivity Hc , and anisotropy fieldsHa for
BaFe1222xCoxZrxO19.

x a ~nm! c ~nm! Ms Hc Ha

~emu/g! ~Oe! ~kOe!

0 0.5898~2! 2.3226~6! 68.0~6! 2350~25! 17.2~5!

0.2 0.5900~2! 2.3229~7! 67.5~3! 1750~25! 14.0~1!

0.4 0.5899~1! 2.3233~10! 67.5~5! 510~20! 10.0~2!

0.6 0.5900~2! 2.3257~8! 61.0~3! 280~15! 8.2~2!

0.8 0.5901~1! 2.3268~5! 53.1~5! 10~10!

1.2 0.5902~1! 2.3314~6! 33.5~2! 82~15! 5.0~3!
05440
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FIG. 1. Mössbauer spectra at room temperature for nonalig
BaFe1222xCoxZrxO19with the curves for the subspectra, obtained
a computer fit.

FIG. 2. Mössbauer parameters for BaFe1222xCoxZrxO19. ^d& is
the average isomer shift over the five sites;e2b and ^e& are the
quadrupole splitting for the 2b site and the average quadrupo
splitting over the other four sites, respectively.
9-2
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20.13 and 0.25 mm/s for the sample withx51.2, respec-
tively, as compared to 0.13 and 1.58 mm/s forx50.8. It is
well known that the quadrupole splittinge is related to the
angle u between the directions of hyperfine fields and t
principal axis of the electric-field gradient~EFG! by the
equation

e5
1

4
eqQ~3 cos2u21! ~2!

whereQ is the nuclear quadrupole moment andq is the com-
ponent of the EFG along the principal axis. When the m
netic moments of Fe atoms are either along thec axis or in
thec plane, the quadrupole splitting will be significantly di
ferent in sign and/or in magnitude due to differentu. There-
fore, the dependence of^e& and e2b on the Co-Zr substitu-
tions shows that the BaFe1222xCoxZrxO19 samples have a
change in magnetic anisotropy forx51.2.

The dependence of the average isomer shift^d& over the
five sites on Co-Zr concentrations is shown in Fig. 2~b!. With
increasing Co-Zr ions, the isomer shifts first increase t
maximum atx50.6, and then decrease. This feature is
tributed to two opposite factors. One is the expansion of
cell volume, which leads to a decrease in the charge den
at the nuclei. Hence there is an increase in the isomer s
The other is a decrease in the average number of 3d elec-
trons with Co-Zr substitution. The decrease weakens
shielding effect of the 3d electrons on thes electrons, which
increases the charge density of thes electrons at the nuclei
As a result, the isomer shifts decrease.

Hyperfine fields on the five sites, as a function of t
Co-Zr substitutions, are shown in Fig. 3. The hyperfine fie
can be considered to be linear, to a good approximation
x50 –0.8. However, for the sample withx51.2, the hyper-
fine fields deviate significantly from the lines, especially
the 4f IV12a and 2b sites. It appears that the deviation
associated with the change in anisotropy from thec axis to
the c plane. It is known that the hyperfine field usually co
sists of the Fermi contact field, orbit field, dipole field, a
supertransfer field. The decrease in the hyperfine fields w

FIG. 3. Hyperfine field Hh f on the five sites for
BaFe1222xCoxZrxO19.
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the Co-Zr substitutions is attributed to two factors. The fi
factor is the decrease in the Fermi contact field produced
the polarization of Fe ions. The Fermi contact field is dom
nant and is approximately proportional to the magnetic m
ment of Fe ions. The second factor is the decrease in
super-transfer field due to the magnetic ions~Fe and Co ions!
surrounding a given Fe ion. These two fields are isotrop
However, the magnitude of the orbit and dipole fields a
related to the direction of magnetic moments.19 The orbit
field can be ignored since the Fe ions are trivalent with s
of 5/2. However, when the anisotropy is modified from thec
axis to c plane, the dipole field will experience a sudde
change in magnitude, leading to the deviation of the hyp
fine fields atx51.2. The jump in the hyperfine fields ha
also been observed at the Morin temperature fora-Fe2O3,20

and at the spin-reorientation transition for R-F
compounds.21

B. Site occupation

A good fit was obtained for BaFe12O19 using four sub-
spectra with relative area ratios of 2:3:6:1 corresponding
the 4f VI , 2a14 f IV , 12k, and 2b sites. Therefore, it is rea
sonable to assume that the recoilless fractions on the
sites are the same. The relative areasS( i ), with i 51 –4, of
Mössbauer subspectrum for the five sites are shown in
insert of Fig. 4. From these areas, the occupation numb
NFe( i ) andNCo-Zr( i ) of Fe and Zn-Zr ions on thei th site can
be estimated based on the formulas

NFe~ i !5CFe

S~ i !

( i 51
4 S~ i !

,

NCo-Zr~ i !5N~ i !2NFe~ i !,

whereCFe denotes the compositions of the Fe ions andN( i )
is the total occupation number for thei th site. The results are
shown in Fig. 4.

FIG. 4. Occupation numbers of Co-Zr ions on each site
BaFe1222xCoxZrxO19.
9-3
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From Fig. 4, it is obvious that Co-Zr ions preferential
occupy the 12k site in the whole range ofx50 to 1.2 and the
2b sites forx<0.6. It appears that the 4f VI and 4f IV1 2a
sites are not occupied by Co-Zr ions atx<0.6. However, the
occupancy on the 4f IV12a rapidly increases forx>0.8. The
site occupancies are similar to Co-Ti,7,9 Co-Sn8 and Co-Mo
~Ref. 22! substitutions in BaM ferrites, but are different fro
the Zn-Zr substitution. For the Zn-Zr substituted BaM fe
rites, the Zn-Zr ions preferentially occupy the 4f VI and 2b
sites, while the 12k site is involved in the substitutions atx
>0.8. The 4f IV and 2a sites seem not to be occupied b
Zn-Zr ions forx50 –0.8.6 Therefore, it is reasonable to de
duce that the Co ions preferentially occupy the 12k site and
the Zr ions occupy the 2b site for BaFe1222xCoxZrxO19.

It is known that the high magnetocrystalline anisotropy
BaM ferrites has its primary origin in Fe31 on the trigonal
bipyramidal site, i.e., the 2b site,10,12 which has large asym
metry. Therefore, the preference of Zr ions on the 2b sites
leads to a significant decrease in the anisotropy field
BaFe1222xCoxZrxO19. On the other hand, Fe31 ions with
up-spin are distributed on the 2a, 12k, and 2b sites and ions
with down-spin are located on the 4f VI and 4f IV sites. The
Co and Zr ions do not occupy the 4f VI and 4f IV site for x
<0.6. The moment of Co21 ions are smaller than that o
Fe31 and the moment of Zr ions is zero. Consequently,
magnetizations decrease with Co-Zr substitution and
maximum in the magnetization is not observed at low Co
substitution.

C. Mössbauer spectra of aligned samples

The Mössbauer spectra and their fitted curves are sho
in Fig. 5 for the aligned BaFe1222xCoxZrxO19. In fitting
these Mo¨ssbauer spectra, all isomer shifts, quadrupole sp

FIG. 5. Mössbauer spectra at room temperature for align
BaFe1222xCoxZrxO19with the curves for the subspectra, obtained
a computer fit.
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tings, hyperfine fields, linewidths and the area ratios of
subspectra were constrained to be the same as those fo
non-aligned samples. However, the ratio of the six abso
tion lines in each sextet was assumed to be 3:b:1:1:b:3,
where the angle factorb is a fitted parameter. The fitte
values ofb, as shown in Table II, are 0.41, 0.25, and 1.41
the samples ofx50, 0.4, and 1.2, respectively.

Here, two problems need to be resolved:~1! The value of
b, as expected, is close to zero forx50 and 0.4 due to their
easy c-axis anisotropies. However, for the sample withx
51.2, the value ofb is about 4/3. Why isb equal to 4/3, and
not equal to 4 or other values?~2! The values ofb are not
exactly equal to zero and 4/3 for the samples with easyc axis
and easyc-plane anisotropies, respectively. This implies th
the magnetic moments either deviate from the alignment
rection or are distributed around the alignment directio
How to estimate the deviation? The two problems will
discussed in Sec. IV.

IV. DISCUSSION

A sample with hexagonal structure is ground into ve
fine particles, which are considered to be single crystal. T
particles are aligned in an applied magnetic field to make
aligned sample. The alignment field is perpendicular to
surface of the sample. Therefore, the directions of both
alignment field and theg-ray propagation are along thez
axis.

For a fully aligned sample with an easy c-axis anisotro
the particles are aligned along the@001# direction in the de-
magnetized state. The direction of magnetic moments
given by

m0015S 0

0

1
D . ~3!

When the sample has an easy-plane anisotropy, these
ticles are aligned along one of theira crystal axes,@100#,
@110# or @010# direction. In the demagnetized state, the dire
tions of magnetic moments~or hyperfine field! are given by

m1005S 0

3/2

1/2
D m1105S 0

0

1
D m0105S 0

23/2

1/2
D . ~4!

d

TABLE II. Mössbauer parameters for the aligne
BaFe1222xCoxZrxO19with x50, 0.4, and 1.2.b is the angle factor,s
is the mean deviation based on Eqs.~14! and~15!, andb is obtained
from Eq. ~1!.

x b s ~degree! b Anisotropy

0 0.41~15! 24.7~4.1! 25.5~3.1! c axis
0.4 0.25~9! 19.7~3.3! 20.1~2.4! c axis
1.2 1.41~12! 11.8~9.1! c plane
9-4
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For a nonfully aligned sample, it is assumed that the@110#
and @001# crystal axes deviate from thez axis by a small
anglej for the easyc-plane and easyc-axis anisotropy, re-
spectively, as shown in Figs. 6~a! and 6~b!. The possible
directions of the momentsmi* ( i 5@100#, @110#, @010# or
@001#! of all particles can be represented as a rotation of
momentmi as an anglej around they axis, followed by an
angle c around thez axis. Hence the rotation matrixR
5Rz(c)Ry(j) is expressed as

R5S cosj cosc 2sinc sinj cosc

cosj sinc cosc sinj sinc

2sinj 0 cosj
D . ~5!

Therefore, the directions of the momentsmi* in x-y-z coor-
dinates are given by

mi* 5Rmi , ~6!

and the anglesb i between the directionmi* and thez axis
~the direction ofg-ray propagation! are obtained from

cosb i5mi* dz. ~7!

For the sample with the easyc-axis andc-plane anisotro-
pies,b i is given by

cosb0015cosj ~8!

and

cosb10051/2 cosj,

cosb1105cosj,

cosb01051/2 cosj, ~9!

respectively. On the other hand, the probability distribut
of j is assumed to be Gaussian, viz.

P~j!5
1

A2ps
expS 2j2

2s2 D , ~10!

wheres2 is the mean-square deviation.
The areas of the six absorption lines for a Mo¨ssbauer

spectrum are related to the angleb i by the relationships

FIG. 6. Geometrical arrangements of magnetic momentsm and
deviation anglej in x-y-z coordinates for~a! easyc-plane and~b!
easyc-axis anisotropies, respectively. Aligned magnetic field a
g-ray propagation are along thez axis.
05440
e

A1,65E
2`

`

P~j!
3

4
~11cos2b i !dj,

A2,55E
2`

`

P~j!~12cos2b i !dj,

A3,45E
2`

`

P~j!
1

4
~11cos2b i !dj, ~11!

whereAi , j represents the relative absorption area of thei and
j lines.

Substituting the expressions for cosbi in Eq. ~8! or ~9!
into Eq. ~11! and using approximations, sin2j.j2 and cos2j
.12j2 for small j, the angle factorb can be obtained as

b5

E
2`

`

P~j!~12cos2b1!dj

E
2`

`

P~j!
1

4
~11cos2b1!dj

5
4s2

22s2
~12!

and

b5

(
i 51

3 E
2`

`

P~j!~12cos2b i !dj

(
i 51

3 E
2`

`

P~j!
1

4
~11cos2b i !dj

5
4~11s2!

32s2
~13!

for the easyc-axis andc-plane anisotropies, respectively.
From the above analysis, two important results are

tained: ~a! for the fully aligned sample with thec-axis an-
isotropy, the angle factorb is equal to zero, based on Eq
~12!, and for the sample with the c-plane anisotropy,b
54/3, as obtained from Eq.~13!; and ~b! for the non-fully
aligned sample, the anglesj have a distribution; the mea
deviations can be calculated from Eqs.~12! and ~13!. The
value ofs is given by

s5A 2b

41b
, ~14!

s5Au3b24u
41b

. ~15!

For the aligned samples withx50 and 0.4, the values o
b are 0.41 and 0.25, respectively. Hence, the two sam
have an easyc-axis anisotropy. On the other hand,b51.41
implies that the sample withx51.2 has ac-plane anisotropy.
As it is very difficult to prepare fully aligned samples, th
values ofb are not exactly equal to zero or 4/3, which mea
that the magnetic moments deviate from the alignment dir
tion. The mean deviations are found to be 24.7°, 19.7°,
11.8° for the samples withx50, 0.4 and 1.2, respectively
based on Eqs.~14! and~15!. From Eq.~1! we can obtain the
averaged anglesb of 25.5° and 20.1° for the samples wit
x50 and 0.4, respectively. The values obtained from the t
methods are close. However, for the sample with thec-plane

d

9-5
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anisotropy (x51.2), b54/3, and the mean deviations can
be obtained only from the method discussed here, viz E
~13! and ~15!.

V. CONCLUSIONS

In this paper, we found the following.
~1! For the aligned BaFe1222xCoxZrxO19, the angle fac-

torsb5A2,5/A3,4 are 0.41 and 0.25 forx50 and 0.4, but are
equal to 1.41 forx51.2. A general formula forb is derived
for nonfully aligned samples with the hexagonal structure
introducing the Gaussian-distribution of magnetic mome
to the alignment direction. Based on the formula, we iden
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