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Mossbauer studies of magnetic anisotropy for BaRg_,,Co,Zr,O;q
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The magnetic anisotropy of Bape ,,C0.Zr,0,4, With x=0-1.2 has been studied using 84&bauer spectra.
Co and Zr ions are found to occupy thekl@nd 2 sites preferentially. The quadrupole splittings suddenly
decrease in magnitude and are even opposite in sign for the samptelo?, as compared to other samples.
The angle factorb=A,s/A3,4, are found to be 0.41 and 0.25 fe=0 and 0.4, but 1.41 fok=1.2. These
indicate that Co-Zr substitution can modify the anisotropy of BaFgCo,Zr,0;4. A general formula ob 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 valuearefcalculated to be 4/3 and zero
for fully aligned samples with easy-plane and easg-axis anisotropies, respectively. In addition, the mean
deviation of alignment is also obtained.
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I. INTRODUCTION where 8 is the angle between the Fe magnetic moment and
vy-ray propagation directions. Usually, for a sample with ran-
BaM ferrites have attracted much attention due to theidomly oriented particles, the value bfis equal to 2. How-
extensive applications in industry, technology and daily lifeever, for an aligned sample, the valuelois zero when the
as permanent magnets, perpendicular recording média, sample has an easyaxis anisotropy 8=0) and the value is
electromagnetic wave absorption materfafsin all of these  equal to 4 when magnetic moments are rotated intocthe
applications, a high saturation magnetization and Curie templane (3= 7/2). Based on Eq1), Li et al!® and Cadogaet
perature are desired; however, coercivity is dependent on tha.!” investigated the spin reorientation from an easyxis
various applications. Permanent magnets need a high coeanisotropy at room temperature to an easy plane anisotropy
civity; the recording media require an appropriate level ofat low temperature for aligned DyR€r, and DyFe;Ti.
coercivity, while the absorption materials should essentially In this paper, we report that the valuelmfs equal to 4/3
be a soft magnetic material. For BaM ferrites, coercivity isif an aligned sample with the hexagonal structure has a pla-
closely related to the magnetic anisotropy, which can benar anisotropy. It is noted that E€]) is valid only under the
modified by substituting Fé with other ions. following conditions:(a) the sample has an easyaxis an-
BaM ferrites have five Fe sitesf¢,, 4f,, 2a, 2b, and isotropy when it is aligned, an@h) The sample must be fully
12k sites. The distributions of substitution ions on the fivealigned. However, it is very difficult to prepare the fully
sites can strongly influence magnetic properties, such aaligned sample experimentally. Here we introduce the Gauss-
saturation magnetization and magnetic anisotfopyit is  ian distribution as a deviation function between the magnetic
known that Fe ions provide the largest positive contributionmoments and alignment direction, and derive a general for-
at the 2 site, a relatively weak positive contribution at the mula of b for nonfully aligned samples. Based on the for-
4f,, 4f,y, and 2 sites’®!and a negative contribution at mula,b=4/3 is found for the easg-plane anisotropy. To the
the 1X site!? Hence other ion substitutions for Fe ions could best of our knowledge, these results have not been reported
lead to an increase or decrease in the anisotropy field, arid theory or experiment previously. In addition, s&bauer
could even modify the anisotropy from an easgxis to an  parameters g, €, Hyy), the site occupancy and the effect of
easyc plane®1° these parameters on the magnetic properties are also dis-
Many techniques, such as torque, magnetization curvesussed for Bakg_,,C0,Zr,O1g.
and susceptibility, can be used to study the magnetic anisot-
ropy. Mossbauer spectroscopy is one of the important tools.
In Mossbauer spectra, the angle fachois defined as the
ratio of the intensities for the sum of the second and fifth Samples of Bakg_,,C0,Zr,0;4 with x=0, 0.2, 0.4, 0.6,
lines to that of the third and fourth lines, i.da=A,5/Az 4, 0.8, and 1.2, were synthesized using conventional ceramic
whereA, ; is the sum of the intensities for th¢h andjth  techniques. A mixture of BaCQ Fg0s;, Co;0, and ZrQ
lines.b is given by in the required ratio for BaM ferrite were presintered at
1300°C for 3 h, and subsequently crushed and ball milled.
4(1— co Finally, the powders were shaped and sintered in &
b= M (1) 1200°C for 6 h. Aligned samples were prepared by mixing
1+cogB ' fine powders of Bakg_,,C0,Zr,0,9 With epoxy resin and
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TABLE I. Lattice parametera andc, special saturation magne-

tizations Mg, coercivity H,, and anisotropy fieldsH, for 1.600

BaFeq, 2C0ZrOgg. 1.560

X a(nm) ¢ (nm) Mg He H, 1.520
(emu/g (Oe (kO®)

1.890

0 0.58982) 2.32266) 68.06) 235025 17.25) 1875
0.2 0590(2) 2.32297) 67.53) 175025 14.01)
0.4 0589¢l) 2.323310) 67.55 510200 10.02)
0.6 059002 2.32578) 61.03) 28015  8.22) 2.950

1.860

0.8 0.59011) 2.32685) 53.1(5) 10(10 < 2020
1.2 0.59021) 2.33146) 33.52) 82(15) 5.003) =
E 2.880
2
placing the mixture in an applied field of 4—8 kOe for 848 © 5250
bauer experiments. 5.215
X-ray diffraction showed that all the Bake ,,C0,Zr,O;4 5180

samples, withx=0-1.2, are single phase with hexagonal
structure. The x-ray-diffraction patterns of the aligned
samples show that samples witk-0 and 0.4 have an easy 5.000
c-axis anisotropy, while the sample wii 1.2 has an easy

c-plane anisotropy. The magnetic properties and lattice pa- 4960
rameters are shown in Table |. 4.920
5’Fe Mtssbauer spectra were taken at room temperature 2.390 | WV A S AR
using a conventional constant-acceleration spectrometer. The ‘\w \' “ ALY
y-ray source was>’Co in an Rh matrix. Calibration was 3.360 - ,
performed using the spectrum atFe. Mossbauer spectrum 3330 . . . : . .
of BaFgq,_ ,,C0,Zr,0,9 With x=0 was fitted by four sextets 16 12 -8 -4 0 4 8 12 16

with Lorentzian line-shape, corresponding to the five differ- Velocity (mm/s)

ent crystallographic sitesf4,, 4f,,+2a, 12, and 2, re-

Spective|y_ For Samp|es witk>0, the Subspectrum on the FIG. 1. Mossbauer spectra at room temperature for nonaligned
12k site may be decomposed into two or three Banz,ZXCquxolgwith the curves for the subspectra, obtained by
subcomponent® 12k, 1, and 1X,, which correspond to & computer fit.

various Co-Zr neighboring configurations at thek1&ite.
Some constraints were used. The electrical-quadrupole inter-
action was treated as a perturbation on the magnetic-dipole
interaction. The area ratios of the six absorption lines in each
sextet were assumed to be 3:2:1:1:2:3 for nonaligned
samples. For a given sextet, the six linewidths may be un-

spectra and the solid lines represent the fitted curves. 0.2
The quadrupole splittingge) averaged over the 4,

4f,,, 2a, and 1X sites ande,, on the D site, as a function 0 02 04 06 08 10 12

of Co-Zr substitutions, are shown in Fig(a2 When x Co-Zr substitution x

<0.8, both(e) and e, are considered as linear, to a good

approximation. However, for the sample witl+ 1.2, there

is sudden drop in magnitude f¢g) ande,,, and there is a

change in sign for{e). The values of(e) and e,, are

equal because there may be various numbers of Co-Zr neigr'g 0AE 2 (b) 7
bors with different electric-quadrupole and magnetic-dipole £ 03 @ o ]
interactions. Each line actually comprises unresolved over« ~ | ]
lapping patterns. oo b v
0_6 5 :
Il. RESULTS : - - 1 2 _
A. Quadupole splitting, isomer shift, and hyperfine field ®04F (@) ] g
.. £ - a) |
Mossbauer spectra at room temperature for g 0.2 gw 11 E
BaFg,_,,C0Zr,0;9 together with fitted subspectra are x F —_N 1 &
shown in Fig. 1. The points in the figure are the experimental v 0.0 = \\:n ]
0 q0

I T T T

o [frrrrrrrT

FIG. 2. Mcssbauer parameters for Bake,,CoZrO;q. (5) is
the average isomer shift over the five sites, and (e) are the
quadrupole splitting for the I2 site and the average quadrupole
splitting over the other four sites, respectively.
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FIG. 3. Hyperfine field Hy,; on the five sites for
BaFg,_ ,,C0,Zr04g. Co-Zr substitution

FIG. 4. Occupation numbers of Co-Zr ions on each site for

—0.13 and 0.25 mm/s for the sample witl+ 1.2, respec- BaFa, »,C0ZrOy
_ox O1g.

tively, as compared to 0.13 and 1.58 mm/s %er0.8. It is

well known that the quadrupole splittingis related to the  he co-zr substitutions is attributed to two factors. The first
angle 6 between the directions of hyperfine fields and thegacior is the decrease in the Fermi contact field produced by
principal axis of the electric-field gradienEFG) by the  he polarization of Fe ions. The Fermi contact field is domi-
equation nant and is approximately proportional to the magnetic mo-
ment of Fe ions. The second factor is the decrease in the
= Equ(?; co0—1) 2) super-tra_nsfer figld due to the magnetic i(()ﬁe and Co_ ions _
4 surrounding a given Fe ion. These two fields are isotropic.
However, the magnitude of the orbit and dipole fields are
related to the direction of magnetic momehtsThe orbit
field can be ignored since the Fe ions are trivalent with spin
of 5/2. However, when the anisotropy is modified from the
axis to c plane, the dipole field will experience a sudden
change in magnitude, leading to the deviation of the hyper-
fine fields atx=1.2. The jump in the hyperfine fields has
also been observed at the Morin temperatureafdfe,03,%°
and at the spin-reorientation transition for R-Fe
compoundg?!

whereQ is the nuclear quadrupole moment ani the com-
ponent of the EFG along the principal axis. When the mag
netic moments of Fe atoms are either along dhexis or in
the c plane, the quadrupole splitting will be significantly dif-
ferent in sign and/or in magnitude due to differéntThere-
fore, the dependence ¢t) and e, on the Co-Zr substitu-
tions shows that the Bake ,,C0,Zr,0.9 Samples have a
change in magnetic anisotropy fee=1.2.

The dependence of the average isomer gfdiftover the
five sites on Co-Zr concentrations is shown in Figh)2With
increasing Co-Zr ions, the isomer shifts first increase to a
maximum atx=0.6, and then decrease. This feature is at-
tributed to two opposite factors. One is the expansion of the A good fit was obtained for BakgO;4 using four sub-
cell volume, which leads to a decrease in the charge densitgpectra with relative area ratios of 2:3:6:1 corresponding to
at the nuclei. Hence there is an increase in the isomer shifthe 4fy,, 2a+4f,y, 12, and 2 sites. Therefore, it is rea-
The other is a decrease in the average numberdoélgc- sonable to assume that the recoilless fractions on the five
trons with Co-Zr substitution. The decrease weakens thsites are the same. The relative ar869, with i=1-4, of
shielding effect of the 8 electrons on the electrons, which  Mossbauer subspectrum for the five sites are shown in the
increases the charge density of thelectrons at the nuclei. insert of Fig. 4. From these areas, the occupation numbers
As a result, the isomer shifts decrease. Nedi) andNgq.z(i) of Fe and Zn-Zr ions on thigh site can

Hyperfine fields on the five sites, as a function of thebe estimated based on the formulas
Co-Zr substitutions, are shown in Fig. 3. The hyperfine fields

B. Site occupation

can be considered to be linear, to a good approximation for o S(i)
x=0-0.8. However, for the sample with=1.2, the hyper- NFE(I)_CFQZA sy’
fine fields deviate significantly from the lines, especially at =1

the 4f,,+2a and 2 sites. It appears that the deviation is Neozdi)=N(i) = Nedi),

associated with the change in anisotropy from ¢hexis to

the c plane. It is known that the hyperfine field usually con- whereCr, denotes the compositions of the Fe ions &l{d)
sists of the Fermi contact field, orbit field, dipole field, andis the total occupation number for thih site. The results are
supertransfer field. The decrease in the hyperfine fields witshown in Fig. 4.
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2975 F TABLE Il. Mossbauer parameters for the aligned
B BaFe, ,,C0Zr,0O.gwith x=0, 0.4, and 1.2b is the angle factory
3 is the mean deviation based on E(&}) and(15), andg is obtained
2.950 [
- from Eq. (1).
2925 X b o (degree B Anisotropy
£ 2.880 ; 0 0.41(15) 24.74.1) 25.53.1) c axis
E‘ 2865 - 0.4 0.2%9) 19.713.3 20.12.4 c axis
5 TE 1.2 1.4112) 11.89.1) c plane
© 2.850 |
2.835 - tings, hyperfine fields, linewidths and the area ratios of the
4.600 F subspectra were constrained to be the same as those for the
TE non-aligned samples. However, the ratio of the six absorp-
4.580 | tion lines in each sextet was assumed to bie:B31b:3,
4560 F where the angle factob is a fitted parameter. The fitted
UF values ofb, as shown in Table II, are 0.41, 0.25, and 1.41 for
4.540 | the samples ok=0, 0.4, and 1.2, respectively.
=S NN T N T T T T T T O T T N N T O T |

Here, two problems need to be resolvét): The value of
b, as expected, is close to zero for 0 and 0.4 due to their
easy c-axis anisotropies. However, for the sample with

FIG. 5. Mossbauer spectra at room temperature for aligned™ 1-2, the value ob is about 4/3. Why i equal to 4/3, and

BaFa,_,,Ca,Zr,0;qwith the curves for the subspectra, obtained by Not equal to 4 or other valueg?) The values ot are not
a computer fit. exactly equal to zero and 4/3 for the samples with ezaxis
and easyc-plane anisotropies, respectively. This implies that
. o . . . the magnetic moments either deviate from the alignment di-

From Fig. 4’.'t IS obvious that Co-Zr ions preferentially rection or are distributed around the alignment direction.
occupy the 1R site in the whole range of=0to 1.2 and the  q,y {5 estimate the deviation? The two problems will be
2b sites forx<0.6. It appears that thef¢, and 4f,,+ 2a  {iscussed in Sec. IV.
sites are not occupied by Co-Zr ionsxat0.6. However, the
occupancy on the %, +2a rapidly increases fox=0.8. The
site occupancies are similar to Co”M,Co-Sr¥ and Co-Mo IV. DISCUSSION
(Ref. 22 substitutions in BaM ferrites, but are different from
the Zn-Zr substitution. For the Zn-Zr substituted BaM fer-
rites, the Zn-Zr ions preferentially occupy thd\4 and 2
sites, while the 1R site is involved in the substitutions at
=0.8. The 4, and 2a sites seem not to be occupied by
Zn-Zr ions forx=0-0.8°% Therefore, it is reasonable to de-
duce that the Co ions preferentially occupy thé Eite and
the Zr ions occupy thel2 site for BaFe, ,,C0,Zr,O45.

It is known that the high magnetocrystalline anisotropy of
BaM ferrites has its primary origin in Bé on the trigonal
bipyramidal site, i.e., the 2 site1%'?which has large asym-
metry. Therefore, the preference of Zr ions on the Stes
leads to a significant decrease in the anisotropy field for
BaFg,_,,C0,Zr,0;9. On the other hand, Bé ions with 0
up-spin are distributed on thea2 1%, and 2 sites and ions Moo= O | . (3)
with down-spin are located on thef ¢ and 4f,, sites. The 1
Co and Zr ions do not occupy thef¢ and 4f,, site forx

<0.6. The moment of Co ions are smaller than that of _
Fe* and the moment of Zr ions is zero. Consequently, theVhen the sample has an easy-plane anisotropy, these par-

magnetizations decrease with Co-Zr substitution and thdcles are aligned along one of theircrystal axes[100],
maximum in the magnetization is not observed at low Co-z#110] or [010] direction. In the demagnetized state, the direc-

»
ey
(5]
)
-
o

-5 0 5 10
Velocity (mm/s)

-
(3]

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

For a fully aligned sample with an easy c-axis anisotropy,
the particles are aligned along th@01] direction in the de-
magnetized state. The direction of magnetic moments is
given by

substitution. tions of magnetic momeni®r hyperfine fieldl are given by
C. Mossbauer spectra of aligned samples 0 0 0
The Mossbhauer spectra and their fitted curves are shown / /
in Fig. 5 for the aligned BaRg_,,C0,Zr,O;q. In fitting Moo= | 32| myye=| 0 | mog=| —3/2 . (4)
these Masbauer spectra, all isomer shifts, quadrupole split- 1/2 1 1/2
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z (b) z (a) - 3
My10 Al,6: Jiwp(é‘)Z(l'i_COSzBi)dga

Mgo1

Mo1o

Ao | P(O1-cogp) e

My00

BB Bl
t y @ 1
/ N ’ / \‘U As 4= f_wp(f)z(1+0032,3i)d§, (11

FIG. 6. Geometrical arrangements of magnetic momenend ~ WNereA ; represents the relative absorption area ofi taed

deviation anglet in x-y-z coordinates fofa) easyc-plane andb) | lines. o _ _
easyc-axis anisotropies, respectively. Aligned magnetic field and ~Substituting the expressions for gsin Eq. (8) or (9)
y-ray propagation are along thzaxis. into Eq. (11) and using approximations, $i=¢& and co$é
=1—¢ for small ¢, the angle factob can be obtained as

|
! |
| |
' B
b | 1
|
|

X

For a nonfully aligned sample, it is assumed that[tH0]

and [001] crystal axes deviate from the axis by a small f * _
angle ¢ for the easyc-plane and easg-axis anisotropy, re- _xP(g)(l cos'By)dé 4g?
spectively, as shown in Figs.(@ and &b). The possible b=— 1 = (12
directions of the momentsn (i=[100], [110], [010] or f P(¢)—(1+cogB,)dé 7
[001]) of all particles can be represented as a rotation of the *’“3 4
momentm; as an angle& around they axis, followed by an 4
angle ¢ around thez axis. Hence the rotation matriR
=R ()R () is expressed as 3
P(&)(1—cogps;)d
cosécosy  —sinyg  sinécosy b Z’l f,oo (1 Aide 3 4(1+c?) 13
R=| cosésing cosy sinésinyg |, (5 -3 Joc 1  3-¢2
P(&)~(1+cosB))d
et 0 cost 2, | P(7(1+cospde
Therefore, the directions of the momemt§ in x-y-z coor-  for the easyc-axis andc-plane anisotropies, respectively.
dinates are given by From the above analysis, two important results are ob-
tained: (a) for the fully aligned sample with the-axis an-
m;k = Rrni ’ (6)

isotropy, the angle factob is equal to zero, based on Eq.
and the angless; between the directiom* and thez axis (12 and for the sample with the c-plane anisotropy,

P ; : =4/3, as obtained from Ed13); and (b) for the non-fully
the direction ofy-ray propagationare obtained from
( y-ray propagation aligned sample, the angléshave a distribution; the mean

cosB=m’@z. (7)  deviationo can be calculated from Eqé&l2) and(13). The
value of o is given by
For the sample with the easyaxis andc-plane anisotro-

pies, B; is given by B 2b
" Nat+p (14

€0SBo;= COSE (8)

and _[I3b—4
o= e (15

€0sB100= 1/2 cost,

For the aligned samples with=0 and 0.4, the values of
b are 0.41 and 0.25, respectively. Hence, the two samples
_ have an easy-axis anisotropy. On the other hartak=1.41
C0SBo10=1/2 COS, © implies that the sample witk= 1.2 has a-plane anisotropy.
respectively. On the other hand, the probability distributionAs it is very difficult to prepare fully aligned samples, the

C0sp110= COSE,

of ¢ is assumed to be Gaussian, viz. values ofb are not exactly equal to zero or 4/3, which means
that the magnetic moments deviate from the alignment direc-
1 —& tion. The mean deviations are found to be 24.7°, 19.7°, and

P(§)= N eXp( F) (10) 11.8° for the samples witk=0, 0.4 and 1.2, respectively,

7 7 based on Eqq14) and(15). From Eq.(1) we can obtain the

whereo? is the mean-square deviation. averaged angleg of 25.5° and 20.1° for the samples with
The areas of the six absorption lines for a'ddbauer x=0 and 0.4, respectively. The values obtained from the two

spectrum are related to the angde by the relationships methods are close. However, for the sample withcipéane
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anisotropy =1.2), b=4/3, and the mean deviation can  that BaFg,_,,C0,Zr,0;9 has an easg-axis anisotropy for
be obtained Only from the method discussed here, viz quhe Samp|es witbk=0 and 0.4, and an easy C_p|ane anisot-
(13) and(15). ropy for the sample withx=1.2. In addition, the mean de-
viations of alignment are also derived; they are 24.7°, 19.7°,
and 11.8° forx=0, 0.4, and 1.2, respectively.

In this paper, we found the following. (2) From the I\/Ikssbaue_r spectrg, the quaglrupole ;plitt_ings

(1) For the aligned BaRe_,,Ca,Zr,Oy9, the angle fac- have a suddep decrease in magnitude and in opposite sign for
torsb=A, s/As 4 are 0.41 and 0.25 for=0 and 0.4, but are the sample withk=1.2, as compared to other samples. This
equal to 1.41 fox=1.2. A general formula fob is derived ~ implies that Co-Zr substitution modifies the anisotropy of
for nonfully aligned samples with the hexagonal structure byBaFe,-»,C0,Zr,0;9. The Co ions preferentially occupy the
introducing the Gaussian-distribution of magnetic momentsl2k site and Zr ions the 2 site. The occupancy of Zr ions on
to the alignment direction. Based on the formula, we identifythe 2b site leads to a decrease in the anisotropy field.

V. CONCLUSIONS
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