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Site preference and magnetic properties for a perpendicular recording material:
BaFe12ÀxZnxÕ2Zr xÕ2O19 nanoparticles
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The site preference and magnetic properties of Zn-Zr substituted BaM ferrite BaFe122xZnx/2Zrx/2O19 nano-
particles withx50 – 1.6 have been studied using Mo¨ssbauer spectra and magnetic measurement. The results
show that the magnetizations and magnetocrystalline anisotropies are closely related to the distributions of
Zn-Zr ions on the five sites. The BaFe122xZnx/2Zrx/2O19 nanoparticles exhibit unusual saturation magnetization,
which increase at low substitutions, reach a maximum and then decrease. Mo¨ssbauer spectra show that the
Zn-Zr ions preferentially occupy the 2b and 4f VI sites. The preference for the 4f VI site is responsible for the
anomalous increase in the magnetization at low Zn-Zr substitutions. Atx>1.2 the rapid decrease in the
magnetizations is mainly attributed to a noncollinear magnetic structure. In addition, a monotonic decrease in
the magnetocrystalline anisotropy with Zn-Zr substitutions has its origin in the preference of the Zn-Zr ions for
the 2b and 4f VI sites.
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I. INTRODUCTION

Fine BaM ferrite particles have attracted much attent
during the last few years because of their applications in h
density and perpendicular recording media.1,2 For the various
applications, a high saturation, a suitable coercivity and lo
temperature coefficients of coercivity and remanence are
sired. A lot of work has been done to modify the magne
properties based on substitutions for Fe31 ions with other
ions. Among these, Co-Ti substituted BaM ferrites exhi
good properties; with increasing substitutions the satura
magnetization slightly decreases and the coercivity rap
decreases from about 4.5 to 1 kOe.3,4 However, these ferrites
have a drawback, namely, a high-temperature coefficien
coercivity. This can be modified by adding a third eleme
Sn41 or by Ni-Zr substitutions.5–7

In the recent years we have focused our studies on Z21

substituted Ba ferrites. Zn-Ti~Ref. 8! or Zn-Sn~Ref. 9! sub-
stituted ferrite nanoparticles have been prepared by chem
coprecipitation, hydrothermal processes and synthesis f
salt melts. Low cost Ba ferrite nanoparticles with a hexa
nal and platelike crystals and a homogenous distribution
particle sizes can be obtained. The Zn-Ti and Zn-Sn sub
tuted BaM ferrite nanoparticles exhibited interesting ma
netic properties; the magnetizations have a smooth maxim
at low substitutions and the coercivities have a signific
change with substitutions. However, detailed studies on
origin of the unusual increase in the magnetizations and
rapid decrease in the coercivities are still lacking.

In this paper, substituted BaM ferrite nanoparticl
BaFe122xZnx/2Zrx/2O19 are reported. The magnetic properti
have been measured and Mo¨ssbauer spectra from 77 K to th
Curie temperature have been collected and analyzed in
attempt to unravel the magnetic properties of these BaM
rites on an atomic scale. Based on the distributions of
PRB 620163-1829/2000/62~10!/6530~8!/$15.00
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Zn-Zr ions on the five sites obtained from Mo¨ssbauer spec
tra, the origins of the unusual increase in magnetization
rapid decrease in coercivities are proposed. These result
also very useful for understanding the magnetic propertie
other Zn21 substituted BaM ferrites.

II. EXPERIMENT

The Zn-Zr substituted BaM ferrite nanoparticle
BaFe122xZnx/2Zrx/2O19 with x50 –1.6, were prepared by
chemical coprecipitation. An aqueous solution of the me
chlorides containing Ba21, Fe31, Zn21 , and Zr41 in the
ratio required for the ferrite was stirred in an excess of
aqueous solution of NaOH and Na2CO3. A suspension that is
an intermediate precipitate was formed. Then, this produc
coprecipitation was filtered and heated in air at an appro
ate temperature. BaFe122xZnx/2Zrx/2O19 nanoparticles were
obtained.

X-ray diffraction identified that all samples are sing
phases with theM-type hexagonal-ferrite structure. The a
parent sizes«F(110) and«F(107) were determined from th
widths of the broadening~110! and~107! x-ray lines, respec-
tively. Then the average hexagonal diameterD and thickness
t of particles were obtained based on the method propose
Pernetet al.10 The structure parameters and the sizes of p
ticles are listed in Table I.

The magnetization curves of BaFe122xZnx/2Zrx/2O19 were
measured in applied fields of 0–80 kOe and in a tempera
range between 295 and 4.2 K using an extraction magn
meter made by the Quantum Design company. The coerc
ties were obtained from the demagnetization curves. So
intrinsic magnetic parameters, such as saturation magne
tion Ms magnetic anisotropy fieldHa and high-field suscep
tibility xp were deduced from a numerical analysis of t
6530 ©2000 The American Physical Society
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magnetization curves based on the law of approach
saturation11

M ~H !5MsS 11
A

H
1

B

H2
1

C

H3D 1xpH, ~1!

where H5H02Hd , H0 is the applied field andHd is the
demagnetization field of the samples. TheA/H term is re-
lated to the existence of inhomogeneities in the microcrys
and theoretically should vanish at high fields.12,13 It was ob-
served that the dependence ofM (H) on H is linear very well
in high fields from 55 to 80 kOe and the second, third, a
fourth terms in the bracket of Eq.~1! can be neglected
Hence,Ms and xp were obtained based on a linear lea
squares method in the fields of 55–80 kOe.

The B/H2 and C/H3 terms are related to the magnet
crystalline anisotropy. For randomly oriented single dom
particles without magnetic interactions between the partic
B andC can be expressed as

B52
1

15
Ha

2 , ~2!

C5
2

105
Ha

3 , ~3!

whereHa is the anisotropy field. For a uniaxial hexagon
compound withK2!K1 , Ha can be simplified as

Ha5
2K1

Ms
. ~4!

It was found that in a range of the magnetic fields b
tween 8 and 20 kOe, theA/H andxp terms in Eq.~1! can be
neglected. The values of the anisotropy fields obtained fr
Eqs.~2! and~3! are close; the relative difference is less th
5% and the maximum difference is 8%. The value ofHa
adopted in this paper is the average on the two values. M
netocrystalline anisotropy constants,K1, were calculated
from Eq. ~4!.

Mössbauer absorbers were made by immobilizing
powdered samples in benzophenone for measurements b
room temperature and in boron-nitride powders for high te
peratures. All the absorbers contained about 4 –5 mg/cm2 of
natural iron. Mössbauer spectra of BaFe122xZnx/2Zrx/2O19
were taken between 77 K and Curie temperature with a c

TABLE I. Crystal structure parameters o
BaFe122xZnx/2Zrx/2O19. Here,a andc are the lattice parameters,V
is the cell volume, andD and t are the average diameter and thic
ness of nanoparticles, respectively.

x a (nm) c (nm) c/a V (nm3) D (nm) t (nm)

0.2 0.589 2.317 3.934 0.696 93 38
0.4 0.590 2.324 3.939 0.700 73 34
0.6 0.590 2.325 3.941 0.701 74 32
0.8 0.590 2.326 3.942 0.701 75 28
1.0 0.590 2.331 3.951 0.703 71 27
1.2 0.591 2.338 3.957 0.707 65 26
1.6 0.591 2.344 3.966 0.709 49 25
to
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ventional constant-acceleration spectrometer. Theg-ray
source was57Co in a Rh matrix. The calibration was mad
by using the spectrum ofa-Fe.

Mössbauer spectra were analyzed using five sextets
Lorentzian line shape for the sample withx50; they corre-
spond to the five different crystallographic sites 4f VI , 2a,
4 f IV , 12k, and 2b, respectively. For the samples ofx.0 the
spectrum on the 12k sites may be decomposed into two
three subcomponents,14 12k, 12k1, and 12k2, which corre-
sponded to various Zn-Zr neighboring configurations at
12k site. Some constraints were used in the fitting pro
dures. The area ratios of the six absorption lines in e
sextet were assumed to be 3:2:1:1:2:3, because the abso
were powders with randomly oriented particles. The area
tios among the sextets above Curie temperature were
the same as those at room temperature. The correspon
linewidths for the 4f VI , 2a, 4f IV , and 12k sites were con-
strained to be the same. However, the linewidths for theb
site were about 30% larger than those for the other s
because of a peculiar diffusional motion of the Fe31 ions
within the trigonal bipyramid.15 In addition, a relaxation sex
tet is observed at room temperature for the samples ox
>0.8.

III. RESULTS

A. Magnetic properties

The magnetization curves of BaFe122xZnx/2Zrx/2O19 with
x50 – 1.6 atT54.2 K, as examples, are shown in Fig.
The specific saturation magnetizationsss , coercivitiesHc ,
high-field susceptibilitiesxp , anisotropy fieldsHa , and an-
isotropy constantsK1, obtained from the law of approach t
saturation, are shown in Figs. 2–4.

Figure 2 shows the specific saturation magnetizationsss
at T5295, 80, and 4.2 K as a function of Zn-Zr substitution
The magnetizations exhibit two significant characterist
that are very different from Co-Ti and Co-Sn substitut
barium ferrite.~1! With Zn-Zr substitutions, the values ofss
increase at first and reach a smooth maximum at ab

FIG. 1. Magnetization curves of BaFe122xZnx/2Zrx/2O19 with x
50, 0.4, 1.0, 1.2, and 1.6 atT54.2 K.
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x50.4 and 0.6.~2! At x>1.0, the magnetizations rapidl
reduce. Instead, the saturation magnetizations of the C
and Co-Sn substituted barium ferrite decrease monotonic
and gradually.16,17 These two characteristics will be dis
cussed in detail in Sec. IV.

Figure 3 shows the high-field susceptibilitiesxp at T
5295, 80, and 4.2 K as a function of Zn-Zr substitution
The value ofxp can be considered to be a constant to a go
approximation in the substitution range fromx50 to 0.6 and
increases slightly in a ranges fromx51.2 to 1.6. However,
the value ofxp rapidly increases fromx50.6 tox51.2; the
susceptibilities of the sample withx51.2 are from double to
fivefold larger than those of the sample withx50.6. Similar
results were also observed in BaFe122xCoxTixO19.18 The
rapid increase in the high-field susceptibilities as well as
large decrease in the saturation magnetizations atx51.2 to
1.6 suggest that a noncollinear magnetic structure~spin cant-
ing! occurs abovex>1.2.

FIG. 2. Specific saturation magnetizationsss at T5295, 80, and
4.2 K and coercivitiesHc BaFe122xZnx/2Zrx/2O19 at room tempera-
ture for BaFe122xZnx/2Zrx/2O19.

FIG. 3. High-field susceptibilitiesxp of BaFe122xZnx/2Zrx/2O19

at T5295, 80, and 4.2 K.
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Figures 4~a! and 4~b! show the magnetocrystalline aniso
ropy constantsK1 and the anisotropy fieldsHa , respectively,
at T5295, 80, and 4.2 K. With increasing Zn-Zr substit
tions, a monotonic decrease inHa andK1 are observed. With
decreasing temperatures, both the magnetizations and
magnetocrystalline anisotropy constants increase. Howe
the anisotropy fields decrease, because the magnetiza
increase more rapidly than the anisotropy constants. Th
fore, the anisotropy fields exhibit a positive temperature
efficient in a range between room temperature and 4.2 K
all the BaFe122xZnx/2Zrx/2O19 samples.

Figure 2 also shows the dependence of the coercivities
Zn-Zr substitutions at room temperature. The coercivities
crease almost linearly from 4.5 kOe for the sample withx
50 to 2 kOe for the sample withx50.8. Therefore, for the
Zn-Zr substituted BaM ferrite nanoparticles, the coercivit
can be easily controlled from 4.5 to 2 kOe by adjusting t
Zn-Zr substitutions and, at the same time, the satura
magnetizations are kept higher than or close to that
BaFe12O19.

B. Mössbauer spectra

Mössbauer spectra at room temperature together with
fitted subspectra for BaFe122xZnx/2Zrx/2O19 are shown in Fig.
5. The fitted Mössbauer parameters are shown in Figs. 6

The average isomer shift^d& over the five sites as a func
tion of Zn-Zr concentrations are shown in Fig. 6~a!. With
increasing Zn-Zr ions the isomer shifts decrease at fi
reach a minimum atx50.8 and then increase. This feature
attributed to two opposite factors. One is the decrease in
3d moments of Fe ions with Zn-Zr substitutions and t
other is the expansion of the cell volumes. The decreas
the moment of Fe31 ions weakens the shielding effect of th
3d electrons ons electrons, which gives rise to an increme
in the charge density at the nuclei. As a result, the isom
shifts will decrease. Whereas the expansion of the cell v
umes leads to a decrease in the charge density at the nu

FIG. 4. ~a! Magnetocrystalline anisotropy constantK1 and ~b!
anisotropy fieldHa of BaFe122xZnx/2Zrx/2O19 at T5295, 80, and
4.2 K.
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Hence, there is an increase in the isomer shifts. Quadru
splitting, e2b , for the 2b sites and the average splitting^e&
over the other four sites are shown in Fig. 6~b!. A good
linear relation between the quadrupole splittings and
Zn-Zr substitutions is observed.

Hyperfine fields on the five sites, as a function of t
Zn-Zr substitutions, are shown in Fig. 7. The decrease in
hyperfine fields with the Zn-Zr substitutions is attributed
two factors. One is the decrease in the Fermi contact fi
produced by the polarization of Fe31 ions. The other is the
decrease in the super-transfer field that comes from the m
netic ions surrounding a given Fe31 ion. The hyperfine fields
can be considered to be linear to a good approxima
within the experimental errors. The concentration coe
cients of the hyperfine fieldsdHhf /dx are listed in Table II.
However, for the 4f IV site the fields deviate from the straig
line at high Zn-Zr substitutions (x51.2 and 1.6!. The devia-
tion may be related to the site occupation of Zn-Zr ions. I
known that for the 4f IV site there are three 12k sites as its
nearest-neighbor and for other sites only one or two 1k

FIG. 5. Mössbauer spectra at room temperature
BaFe122xZnx/2Zrx/2O19 together with curves for the subspectra, o
tained by a computer fit.
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sites. Therefore, the Zn-Zr ions on the 12k site have stronger
influence on hyperfine field for the 4f IV site than for the
other sites. For the sample withx.1.0, the occupancy o
Zn-Zr ions on the 12k site rapidly increases, from;0 at x
,1.0 to about 7%, atx51.6, as shown in Fig. 8~b! or Fig. 9.
This leads to a significant decrease in hyperfine field on
4 f IV site at high Zn-Zr substitutions.

A good fit was obtained for BaFe12O19 using five subspec-
tra with relative area ratios of 2:1:2:6:1 corresponding to
4 f VI , 2a, 4f IV , 12k, and 2b sites. Therefore, it is reason
able to assume that the recoilless fractions on the five s
are the same. The relative areas,S( i ) i 51 –5, of Mössbauer

r

FIG. 6. Mössbauer parameters for BaFe122xZnx/2Zrx/2O19. ^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.

FIG. 7. Hyperfine fields Hhf on the five sites for
BaFe122xZnx/2Zrx/2O19.
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subspectrum for the five sites are shown in Fig. 8~a!. From
these areas, the occupation numbersNFe( i ) andNZn-Zr( i ), of
Fe and Zn-Zr ions on thei th site can be estimated based
the formula

NFe~ i !5CFe

S~ i !

(
i 51

5

S~ i !

, ~5!

NZn-Zr~ i !5N~ i !2NFe~ i !, ~6!

whereCFe denotes the compositions of the Fe ions andN( i )
is the occupation number for thei th site. The results are
shown in Fig. 8~b!. The occupancy fractions of Zn-Zr ion
on the five sites

FZn-Zr~ i !5NZn-Zr~ i !/N~ i !3100% ~7!

are shown in Fig. 9.
In order to confirm the above results, some Mo¨ssbauer

spectra were taken above Curie temperatures. These sp
consist of paramagnetic doublets. The quadrupole splittin
about 2 mm/s for the 2b site and is much larger than that fo
any other sites. As a result, for the 2b site, the subspectrum
is separated from the other subspectra and an accurate
spectrum area can be obtained. In the fitting processes
area ratios among the five subspectra were kept the sam
those at room temperature. The fitted spectra are very
consistent with the experimental data, as shown in Fig. 1

From Figs. 8~b! and 9, Zn-Zr ions preferentially occup
the 2b and 4f VI sites. The 12k site is involved in the substi
tutions at x>0.8. The 4f IV and 2a sites seem not to be

FIG. 8. The relative areasSi of Mössbauer subspectra and~b!
the occupation numbersNFe( i ), of Fe ions on the five sites fo
BaFe122xZnx/2Zrx/2O19.
ctra
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occupied by Zn-Zr ions fromx50 to x51.6. The site occu-
pancies are similar to the Co-Ti,16,19 Co-Sn,17 and Co-Mo20

substitutions in BaM ferrite. Obradorset al.21 have proposed
that the 2b site can display a pseudotetrahedral charac
hence, it is very possible for the Zn21 ions to occupy the 2b
site. Mössbauer spectra of LaZnFe11O19 showed that 90% of
the Zn21 ions are located on the site that has a maxim
hyperfine field, i.e., the 4f VI site and the remaining Zn21

ions occupy the 2b site.22 Neutron diffraction of
BaFe122xZnxTixO19 indicated that the Zn-Ti ions occupy th
4 f VI , 4f IV , 12k, and 2b sites, but exclude the 2a site in the
low Zn-Ti substitutions.23 In addition, the ions with a large
radius, such as Sc31 and In31, tend to occupy the 4f VI site;24

whereas the Al31 and Cr31 ions have a small ionic radiu
and prefer the 2a and 4f IV sites.25 Since the radii of both
Zn21 and Zr41 ions are much larger than those of the Fe31

ions, it is reasonable that the ions prefer the 4f VI site and
exclude the 2a site.

In fact, the preference of Zn-Zr ions on the 4f VI site can
be directly observed from Fig. 5. Let us notice the two Mo¨ss-
bauer lines at27.5 and 8 mm/s. They are a summation
three subspectral lines corresponding to the 4f VI , 2a, and
4 f IV sites. Obviously, in low Zn-Zr substitutions the shape
each of the two lines displays a considerable change; w
increasing Zn-Zr, the relative intensities decrease for
outer subspectrum lines corresponding to the 4f VI site and
increase for the inner lines corresponding to the 2a and 4f IV
sites. This implies that the Zn-Zr ions prefer to occupy t
4 f VI site.

At x>0.8, there exists an extra sextet; it has broad li
width and is not satisfied with the intensity ratios

FIG. 9. Occupation fractions of Zn-Zr ions on each site f
BaFe122xZnx/2Zrx/2O19 ~the dotted line is for random occupancy b
the Zn-Zr ions.!
TABLE II. The concentration coefficient of hyperfine fielddHhf /dx, on each site for
BaFe122xZnx/2Zrx/2O19.

Site 4f VI 2a 4 f IV 12k 2b

dHhf /dx (kOe) 223.9(12) 220.1(4) 224.1(13) 230.1(20) 220.2(15)
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3:2:1:1:2:3 for the random oriented particles. The relat
area of the sextet increase from 23% for the sample witx
50.8 to 50% for the sample withx51.6. On the other hand
Mössbauer spectra show that with decreasing tempera
the areas reduce from 50% at room temperature to 12%
T577 K for the sample withx51.6. These features ma
be associated with a spin relaxation or superparamagn
relaxation. The relaxations of nanoparticles
BaFe122xZnx/2Zrx/2O19 is very interesting problem that wil
be studied further.

IV. DISCUSSIONS

A. Site preference and magnetization

Zn-Zr substitutions in BaM ferrite lead to an abnorm
increase in the magnetizations at low substitutions. Howe
the hyperfine fields on all five sites monotonically decre
in the whole range of substitutions. This excludes one p
sible origin that an enhancement in the moment of the F31

ions produces the abnormal magnetizations.
As for a Zn spinel ferrite, the Zn-Zr ions in

BaFe122xZnx/2Zrx/2O19 have two opposite influences on th
magnetizations. It is known that, for a BaM ferrite, Fe31 ions
with up-spin are distributed on the 2a, 12k, and 2b site and
ions with down-spin are located on the 4f IV and 4f VI sites.
The Mössbauer spectra shows that the Zn-Zr ions prefe
tially occupy the 4f VI site, as shown in Fig. 9, which make
a negative contribution to the magnetization. Consequen
the net magnetization increases. On the other hand, the Z
ions give rise to a decrease in the Fe moments~or hyperfine
fields! on all sites, as shown in Fig. 7. As a result, the n
magnetization decreases. Because of the compet

FIG. 10. Mössbauer spectra above Curie temperature
BaFe122xZnx/2Zrx/2O19 together with curves for the subspectra, o
tained by a computer fit.
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between these two effects, the magnetization
BaFe122xZnx/2Zrx/2O19 exhibits an increase at first and then
decrease. A quantitative analysis of the magnetization is
follows.

Now the magnetizations or the number of Bohr magne
NB per chemical formula unit or BaFe122xZnx/2Zrx/2O19 will
be calculated based on the distributions of the Fe31 ions on
the five sites. Usually, an Fe magnetic moment is conside
to be proportional to its hyperfine field. Therefore, the nu
ber of Bohr magnetons,NB , can be obtained from the for
mula

NB5
1

a S (
i 51

3

Hhf~ i !NFe~ i !2(
j 51

2

Hhf~ i !NFe~ j !D , ~8!

where i denotes the 2a, 12k, 2b sites, j the 4f VI and 4f IV
sites anda is the proportionality coefficient between the F
moment and the hyperfine field.

By substituting the hyperfine fieldsHhf( i ) and occupation
numbersNFe( i ) into Eq. ~8!, the number of Bohr magneto
NB as a function of Zn-Zr substitutions, can be calculat
For comparison between the calculated and experime
data, reduced valuesnB5NB /NB(0), areused; hereNB(0) is
the numbers of Bohr magneton for the sample withx50.
The results are shown by a dashed line in Fig. 11. The cu
replicates the characteristics of the experimental data w
low Zn-Zr concentrations; the numbers of Bohr magne
increase at first, reach a maximum and then decrease. H
ever, at high substitutions, the calculated results have a la
deviation with the experimental values.

The high-field susceptibilities suggest a noncollinear m
netic structure at high substitutions ofx>1.2. The noncol-
linear structure has been confirmed for the Co-Ti substitu
Ba ferrites based on Mo¨ssbauer spectra with a high fiel

r

FIG. 11. The reduced number of Bohr magneton per chem
formula unit. ~1! The solid line and~2! the dashed line are the
values calculated by Eq.~8! for the noncollinear and collinear mag
netic structures, respectively,~3! the dotted line is for the magneti
dilution model, and~4! the dash-dotted line is for the random
distribution model.
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applied parallel to theg-ray direction.26 Wartewig et al.23

also indicated that for BaFe1222xZnxTixO19 the canting angle
mainly occurred in the 12k site and the value was about 25
in the applied field extrapolated to zero atx50.8. Based on
the noncollinear structure described by Wartewig, the va
of the hyperfine field on the 12k site in Eq. ~8! should be
replaced byHhfcosu, whereu is the canting angle relative t
the direction of an applied field. Then, it is assumed that
canting angles continuously change from 0° to 25° at
substitutions fromx51.0 andx51.6. The reduced number
of Bohr magnetonnB as a function of Zn-Zr substitutions
are calculated again from Eq.~8!; the results are shown a
the solid line of Fig. 11. The values agree very well with t
experimental data in both low and high substitutions after
canting angles are introduced into the calculation.

As comparisons, two other models were used to calcu
nB . One is the magnetic dilution model. In this model, t
moments of the Fe31 ions are considered to be constant a
the magnitudes ofnB only depend on the numbers of th
Fe31 ions. Obviously, the calculatednB , as shown in the
dotted line in Fig. 11, greatly deviates from the experimen
data in both low and high substitutions. The other is
random-distribution model. In that model, Fe31 ions are ran-
domly distributed on all of the five sites. The reduced valu
of nB calculated from the models are shown as the dot-d
lines in Fig. 11. The calculated results cannot show an
crease in the magnetizations at low substitutions, altho
the results are consistent with the experimental values for
samples withx51.2 and 1.6.

Similarly, the number of Bohr magnetons atT54.2 and
80 K, plotted against the Zn-Zr substitutions, have also b
calculated based on the distributions of the Fe31 ions on the
five sites and using the canting model. In the calculation,
following conditions are used.~1! The values of the hyper
fine fields, 539 kOe for the 4f VI site, 527 kOe for the 2a,
4 f IV and 12k sites and 440 kOe for the 2b site at T
54.2 K, and 533 kOe for the 4f VI site, 514 kOe for the 2a
and 4f IV sites, 500 kOe for the 12k site, and 435 kOe for the
2b site at T580 K, are taken from Refs. 27,28.~2! The
dependences of the hyperfine fields on the Zn-Zr subs
tions are kept the same as those at room temperature.~3! The
canting angles are assumed to be the same as those at
temperature. The calculated results are shown in a inse
Fig. 11. The consistency between the calculated and exp
mental values shows again that the numbers of Bohr ma
ton per chemical formula or the magnetizations are clos
related to the site preference of the Fe31 ions and the non-
collinear magnetic structure for BaFe122xZnx/2Zrx/2O19.

B. Site preference and magnetocrystalline anisotropy

It is known that the high magnetocrystalline anisotropy
BaM ferrites has its main origin in Fe31 ions on the trigonal
bipyramidal site, i.e., the 2b site, which has a large asymme
try because a ferric ion is surrounded by five oxygen io
Fuchikamiet al.29 showed theoretically that the Fe31 ions on
the 2b site are principally responsible for the uniaxial anis
ropy. Asti and Rinaldi30 stressed that the contributions to th
anisotropy from all of the five sites should be consider
Further, Xuet al.31 calculated the magnetocrystalline aniso
e
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ropy constants,K1
cal( i ) i 51 – 5, on the five sites based on th

single-ion model, as listed in Table III.
The single-ion model leads to two important conclusio

~1! Fe31 ions on the 2b site provide the largest positiv
contribution to the magnetocrystalline anisotropy and~2!
Fe31 ions on the 12k site make a negative contribution. Th
implies that the total anisotropy constants are closely rela
to the occupancies of the Fe31 ions, because the Zn and Z
ions are nonmagnetic and have no contribution to magn
crystalline anisotropy. Based on the values ofK1

cal( i ) and the
distributionsNFe( i ), of Fe31 ions on the five sites, the tota
anisotropy constantK1

cal of BaFe122xZnx/2Zrx/2O19 can be
calculated from

K1
cal5(

i 51

5

NFe~ i !K1
cal~ i !. ~9!

For comparison, both experiment and calculated values
reduced and then are plotted as a function of Zn-Zr subs
tions, as shown by the solid line in Fig. 12. The reduc
anisotropy constant is defined ask15K1 /K1(0) where
K1(0) is the value for the sample withx50. Figure 12
shows that the calculated values~solid line! are very consis-
tent with the experimental results. However, if it is assum
that the Zn-Zr ions are randomly distributed on the five si
or only occupy the 4f VI or 2b site, the values ofk1 calcu-
lated from Eq.~9! are shown by the dotted, dashed and da

TABLE III. The values ofK1 for a single Fe31 ion at each site
for BaM ferrite by Ref. 31.

Site 4f VI 2a 4 f IV 12k 2b

K1 (cm21/ion) 0.51 0.23 0.18 20.18 1.40

FIG. 12. Reduced magnetocrystalline anisotropy constantsk1.
The symbols are the experimental data. The lines are for the va
calculated from Eq.~9! based on the various distributions of Zn-Z
ions; for~1! the distributions of Zn-Zr ions are obtained from Mo¨ss-
bauer spectra, for~2! and ~3! the Zn-Zr ions only occupy the 4f VI

and 2b sites, respectively, and for~4! the Zn-Zr ions are randomly
located on the five sites.
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dot lines, respectively, in Fig. 12. They are greatly devia
from the experimental data. Therefore, the change in the
isotropy constants with the substitutions is closely related
the site occupation of Fe31 ~or Zn-Zr! ions.

In addition, the dependences of the total anisotropy c
stants on the substitutions are almost the same in experim
tal errors at room temperature, 80 and 4.2 K. This impl
that the temperature dependences of the anisotropy cons
on each site are approximately the same, which agrees
the results of Xuet al.31 Their calculation showed the tem
perature dependences are almost constant for the 2b, 4f VI ,
and 4f IV sites and are slightly larger for the 2a and 12k sites.
However, it is known that the anisotropy contributions of t
12k and 2a sites are much less than those for the 2b and
4 f VI sites.

Final, there is a considerable deviation between the
perimental and calculated values at high substitutions ox
51.2 and 1.6. The approximation neglects the second o
anisotropy constant in calculating the values ofK1 both from
the single-ion model and from the law of approach to sa
ration. Possibly, for high Zn-Zr substitutionsK2 cannot be
neglected.
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V. CONCLUSIONS

The BaFe122xZnx/2Zrx/2O19 nanoparticles exhibit abnor
mal saturation magnetizations, which increase at low sub
tutions, reach a maximum atx50.4 and then decrease atT
5295, 80, and 4.2 K. The magnetocrystalline anisotrop
anisotropy fields and coercivities decrease rapidly and m
notonously with Zn-Zr substitutions. The coercivities can
easily controlled from 4.5 to 2 kOe by adjusting the Zn-
substitutions and, at the same time, the saturation mag
zations are kept higher than or close to that for BaFe12O19.

The magnetizations and magnetocrystalline anisotrop
are closely related to the distributions of the Zn-Zr ions
the five sites for BaFe122xZnx/2Zrx/2O19 nanoparticles. Mo¨ss-
bauer spectra shows that the Zn-Zr ions preferentially occ
the 2b and 4f VI sites. The preference on the 4f VI site is
responsible for the increase in magnetizations at low Zn
substitutions. Atx>1.2 the rapid decrease in the magnetiz
tions is attributed to a noncollinear structure. A monoton
decrease in the magnetocrystalline anisotropies with
Zn-Zr substitutions has its origin in the preference of t
Zn-Zr ions for the 2b and 4f VI sites.
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