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The site preference and magnetic properties of Zn-Zr substituted BaM ferritg BaF®,,Zr,,,0;9 NAN0-
particles withx=0-1.6 have been studied using $4bauer 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 Bafe,Zn,»Zr,,,0,9 Nanoparticles exhibit unusual saturation magnetization,
which increase at low substitutions, reach a maximum and then decreassbadier spectra show that the
Zn-Zr ions preferentially occupy theb2and 4f,, sites. The preference for the ¢ site is responsible for the
anomalous increase in the magnetization at low Zn-Zr substitutionx=At.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,, sites.

I. INTRODUCTION Zn-Zr ions on the five sites obtained from B&bauer spec-
tra, the origins of the unusual increase in magnetization and
Fine BaM ferrite particles have attracted much attentiorrapid decrease in coercivities are proposed. These results are
during the last few years because of their applications in higtalso very useful for understanding the magnetic properties of
density and perpendicular recording metif&zor the various  other Zrf* substituted BaM ferrites.
applications, a high saturation, a suitable coercivity and low-
temperature coefficients of coercivity and remanence are de-
sired. A lot of work has been done to modify the magnetic Il. EXPERIMENT
properties based on substitutions for’Feons with other , ) .
ions. Among these, Co-Ti substituted BaM ferrites exhibit "€ Zn-Zr substituted BaM ferrite nanoparticles
good properties; with increasing substitutions the saturatiof?@F82-xZM2Zr2019 With x=0-1.6, were prepared by a
magnetization slightly decreases and the coercivity rapidiyFhemical coprecipitation. An aqueous solution ?f the metal
decreases from about 4.5 to 1 k&tHowever, these ferrites chlorides containing BQ&FQ Fe'™, Zn.2 , and Zf in the
have a drawback, namely, a high-temperature coefficient di@tio required _for the ferrite was stirred in an excess o_f an
coercivity. This can be modified by adding a third element@dueous solution of NaOH and MaO;. A suspension that is
S or by Ni-zr substitutiong~” an intermediate precipitate was formed. Then, this product of
In the recent years we have focused our studies G Zn coprecipitation was filtered and heated in air at an appropri-
substituted Ba ferrites. Zn-TRef. 8 or Zn-Sn(Ref. 9 sub- &€ temperature. Bakge,Zn,,Zr,,019 Nanoparticles were
stituted ferrite nanoparticles have been prepared by chemicqPtained. - S _
coprecipitation, hydrothermal processes and synthesis from X-ay diffraction identified that all samples are single
salt melts. Low cost Ba ferrite nanoparticles with a hexagoPhases with thé-type hexagonal-ferrite structure. The ap-
nal and platelike crystals and a homogenous distributions dparent sizesg(110) ands(107) were determined from the
particle sizes can be obtained. The Zn-Ti and Zn-Sn substidths of the broadenin¢10) and(107) x-ray lines, respec-
tuted BaM ferrite nanoparticles exhibited interesting mag-ively. Then the average hexagonal diaméeand thickness
netic properties; the magnetizations have a smooth maximu©f particles were obtained based on the method proposed by
at low substitutions and the coercivities have a significanPernetet al'® The structure parameters and the sizes of par-
change with substitutions. However, detailed studies on thécles are listed in Table I.
origin of the unusual increase in the magnetizations and the The magnetization curves of Bake,Zn,,,Zr,;,0.9 Were
rapid decrease in the coercivities are still lacking. measured in applied fields of 0-80 kOe and in a temperature
In this paper, substituted BaM ferrite nanoparticlesrange between 295 and 4.2 K using an extraction magneto-
BaFg,_,Zn,»Zr,»0;9 are reported. The magnetic properties meter made by the Quantum Design company. The coercivi-
have been measured and $4bauer spectra from 77 K to the ties were obtained from the demagnetization curves. Some
Curie temperature have been collected and analyzed in antrinsic magnetic parameters, such as saturation magnetiza-
attempt to unravel the magnetic properties of these BaM fertion Mg magnetic anisotropy fielth, and high-field suscep-
rites on an atomic scale. Based on the distributions of théibility x, were deduced from a numerical analysis of the
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TABLE I Crystal structure parameters of L D L
BaFe, ,Zn,,Zr,»,0,9. Here,a andc are the lattice parameterg, F 1
is the cell volume, an® andt are the average diameter and thick- i x=0.< E
ness of nanopatrticles, respectively. r ]
X a(nm) c(nm) c/a V(') D (nm) t(nm) = F 1
02 0589 2317 3.934 0.696 93 8 5 : ]
0.4 0.590 2324 3939  0.700 73 34 g - 1
0.6 0.590 2325 3.941 0.701 74 32 L
0.8 0590 2326 3.942 0.701 75 28 S 480 | E
1.0 0.590 2331 3951 0.703 71 27
1.2 0.591 2.338 3.957 0.707 65 26
1.6 0.591 2.344 3966  0.709 49 25 440 F E
magnetization curves based on the law of approach to 0 '
saturation!

H (kOe)
A B C o .
M(H)=Mg| 1+ m +— +—3) + xpH. (1) FIG. 1. Magnetization curves of Bakge,Zn,;»Zr,;»,019 With X
He H =0, 0.4, 1.0, 1.2, and 1.6 &@=4.2 K.

whereH=Hy—Hy,, H; is the applied field andd, is the
demagnetization field of the samples. TA&H term is re-
lated to the existence of inhomogeneities in the microcrystal
and theoretically should vanish at high fiefds31t was ob-
served that the dependenceMd{H) onH is linear very well

in high fields from 55 to 80 kOe and the second, third, an
fourth terms in the bracket of Eq1) can be neglected.

Hence, M and y, were obtained based on a linear Ieast_spectrum on the Ksites may be decomposed into two or
squares method in the fields of 55-80 kGe. three subcomponent$, 12k, 12;, and 1X,, which corre-

The B/H® and C/H> terms are related to the magneto- sponded to various Zn-Zr neighboring configurations at the
crystalline anisotropy. For randomly oriented single domain pond ) 9 g configurati
2k site. Some constraints were used in the fitting proce-

rticles without magnetic interaction ween th rticl - . . , .
particles without magnetic interactions between the particle ures. The area ratios of the six absorption lines in each

B andC can be expressed as sextet were assumed to be 3:2:1:1:2:3, because the absorbers
1 were powders with randomly oriented particles. The area ra-
B=——H? (2) tios among the sextets above Curie temperature were kept
the same as those at room temperature. The corresponding
linewidths for the 4,,, 2a, 4f,,, and 1X sites were con-

ventional constant-acceleration spectrometer. Theay
source was’’Co in a Rh matrix. The calibration was made
%y using the spectrum af-Fe.

Mossbauer spectra were analyzed using five sextets with
OILorentzian line shape for the sample with-0; they corre-
spond to the five different crystallographic siteb 4 2a,
4f\, 12k, and 2, respectively. For the samplesxaf-0 the

2 . L
C=—H3, (3)  strained to be the same. However, the linewidths for the 2
105 site were about 30% larger than those for the other sites
whereH, is the anisotropy field. For a uniaxial hexagonal Pécause of a peculiar diffusional motion of the Feons
compound withk ,<K,, H, can be simplified as within the trigonal bipyramid? In addition, a relaxation sex-
é tet is observed at room temperature for the samplex of
2K, =0.8.
o= @
Ill. RESULTS

It was found that in a range of the magnetic fields be-
tween 8 and 20 kOe, th&/H andy, terms in Eq(1) can be
neglected. The values of the anisotropy fields obtained from The magnetization curves of Bake,Zn,,Zry,019 With
Egs.(2) and(3) are close; the relative difference is less thanx=0-1.6 atT=4.2 K, as examples, are shown in Fig. 1.
5% and the maximum difference is 8%. The valuethf  The specific saturation magnetizatiomg, coercivitiesH.,
adopted in this paper is the average on the two values. Madpgh-field susceptibilities¢,, anisotropy fieldsH,, and an-
netocrystalline anisotropy constantk,;, were calculated isotropy constant&,, obtained from the law of approach to
from Eq. (4). saturation, are shown in Figs. 2—4.

Mossbauer absorbers were made by immobilizing the Figure 2 shows the specific saturation magnetizatiens
powdered samples in benzophenone for measurements bel@awT =295, 80, and 4.2 K as a function of Zn-Zr substitutions.
room temperature and in boron-nitride powders for high tem-The magnetizations exhibit two significant characteristics
peratures. All the absorbers contained about 4-5 nfgtfm that are very different from Co-Ti and Co-Sn substituted
natural iron. M@sbauer spectra of Bafe,Zn,,,Zr,,0,9  barium ferrite.(1) With Zn-Zr substitutions, the values of;
were taken between 77 K and Curie temperature with a conncrease at first and reach a smooth maximum at about

A. Magnetic properties
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FIG. 2. Specific saturation magnetizatiansat T= 295, 80, and
4.2 K and coercivitied . BaFg,_,Zn,;»Zr,;,019 at room tempera-
ture for BaFe, ,Zn,;»Zr,»,0q9.
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FIG. 4. (a) Magnetocrystalline anisotropy constagdi and (b)
anisotropy fieldH, of BaFe,_,Zn,,Zr,,0,9 at T=295, 80, and

x=0.4 and 0.6.(2) At x=1.0, the magnetizations rapidly 4.2 K.

reduce. Instead, the saturation magnetizations of the Co-Ti

and Co-Sn substituted barium ferrite decrease monotonically Figures 4a) and 4b) show the magnetocrystalline anisot-
and gradually®'” These two characteristics will be dis- ropy constant¥, and the anisotropy fieldd,, respectively,

cussed in detail in Sec. IV.
Figure 3 shows the high-field susceptibilitigg, at T

at T=295, 80, and 4.2 K. With increasing Zn-Zr substitu-
tions, a monotonic decreasehh, andK, are observed. With

=295, 80, and 4.2 K as a function of Zn-Zr substitutions.decreasing temperatures, both the magnetizations and the
The value ofy,, can be considered to be a constant to a goodnagnetocrystalline anisotropy constants increase. However,

approximation in the substitution range froos 0 to 0.6 and
increases slightly in a ranges fror=1.2 to 1.6. However,
the value ofy, rapidly increases from=0.6 tox=1.2; the
susceptibilities of the sample with=1.2 are from double to
fivefold larger than those of the sample wik-0.6. Similar
results were also observed in BaFg,Cq,Ti,O9.'% The

the anisotropy fields decrease, because the magnetizations
increase more rapidly than the anisotropy constants. There-
fore, the anisotropy fields exhibit a positive temperature co-
efficient in a range between room temperature and 4.2 K for
all the BaFeg,_,Zn,,,Zr,,,019 Samples.

Figure 2 also shows the dependence of the coercivities on

rapid increase in the high-field susceptibilities as well as theZn-Zr substitutions at room temperature. The coercivities de-

large decrease in the saturation magnetizations=at.2 to
1.6 suggest that a noncollinear magnetic structspin cant-
ing) occurs abovex=1.2.
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FIG. 3. High-field susceptibilitiesy, of BaFeg,_,Zn,;,Zry;,014
at T=295, 80, and 4.2 K.

crease almost linearly from 4.5 kOe for the sample with
=0 to 2 kOe for the sample witk=0.8. Therefore, for the
Zn-Zr substituted BaM ferrite nanoparticles, the coercivities
can be easily controlled from 4.5 to 2 kOe by adjusting the
Zn-Zr substitutions and, at the same time, the saturation
magnetizations are kept higher than or close to that for
BaFg,049.

B. Mossbauer spectra

Mossbauer spectra at room temperature together with the
fitted subspectra for Bakg ,Zn,;»Zr,;,0,9 are shown in Fig.
5. The fitted M@sbauer parameters are shown in Figs. 6—8.

The average isomer shif5) over the five sites as a func-
tion of Zn-Zr concentrations are shown in Figap With
increasing Zn-Zr ions the isomer shifts decrease at first,
reach a minimum at= 0.8 and then increase. This feature is
attributed to two opposite factors. One is the decrease in the
3d moments of Fe ions with Zn-Zr substitutions and the
other is the expansion of the cell volumes. The decrease in
the moment of F&" ions weakens the shielding effect of the
3d electrons ors electrons, which gives rise to an increment
in the charge density at the nuclei. As a result, the isomer
shifts will decrease. Whereas the expansion of the cell vol-
umes leads to a decrease in the charge density at the nuclei.
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x=1.0 is the average isomer shift over the five siteg; and(e) are the
2.75 quadrupole splitting for the I2 site and the average quadrupole
285 splitting over the other four sites, respectively.
2.80 - sites. Therefore, the Zn-Zr ions on theklgte have stronger
influence on hyperfine field for thefd, site than for the
272 | other sites. For the sample with>1.0, the occupancy of
Zn-Zr ions on the 1R site rapidly increases, from0 at x
2.68 I < 1.0 to about 7%, at=1.6, as shown in Fig.(®) or Fig. 9.
264 - This leads to a significant decrease in hyperfine field on the
L1 1 1 I L1 1 1 I L1 1 I L1 1 1 I L1 1 I I ] 4fIV Slte at high Zn_Zr Substitutlons'
s 100 S 0 5 10 15 A good fit was obtained for BakgO;q using five subspec-
Velocity (mm/s) tra with relative area ratios of 2:1:2:6:1 corresponding to the
4fy,, 2a, 4fy, 1, and 2 sites. Therefore, it is reason-
FIG. 5. Mocssbhauer spectra at room temperature forable to assume that the recoilless fractions on the five sites

BaFe, ,Zny.,Zr,,019 together with curves for the subspectra, ob- are the same. The relative are&6,) i =1-5, of Mssbauer

tained by a computer fit.

Hence, there is an increase in the isomer shifts. Quadrupole L R
splitting, €,;,, for the 2b sites and the average splittidg)

over the other four sites are shown in Figh A good

linear relation between the quadrupole splittings and the 500

Zn-Zr substitutions is observed.

Hyperfine fields on the five sites, as a function of the
Zn-Zr substitutions, are shown in Fig. 7. The decrease in the
hyperfine fields with the Zn-Zr substitutions is attributed to
two factors. One is the decrease in the Fermi contact field
produced by the polarization of Fe ions. The other is the
decrease in the super-transfer field that comes from the mag:
netic ions surrounding a given Feion. The hyperfine fields
can be considered to be linear to a good approximation
within the experimental errors. The concentration coeffi-
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cients of the hyperfine fielddHy;/dx are listed in Table II.
However, for the 4, site the fields deviate from the straight 0.0 0.4 0.8 1.2
line at high Zn-Zr substitutionsx 1.2 and 1.6 The devia-
tion may be related to the site occupation of Zn-Zr ions. It is
known that for the 4,, site there are three kZsites as its FIG. 7. Hyperfine fields Hy; on
nearest-neighbor and for other sites only one or twé 12 BaFg, ,Zn,,Zr,;O1q.

Zn-Zr substitution x
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350|||||||||l|||||||

1.6

0
=}

five sites for



6534 LI, ONG, YANG, WEI, ZHOU, ZHAO, AND MORRISH PRB 62

60 7 L o e L L L L
[ @ I ) ] : ]
I Tt i 50 E
i 17T 12k T L ]
L A -6 B ]
L . 40 F 7
50 |- 12k !‘i{{i\t\l\[ 1 . 3
0 11 1§ wf E
E 20 Yy ¢ Yy £5 F S C ]
“ T 10 ik § wf .
I A 11 af ] & r ]
N e :
:nﬁﬁ 1 %: b C ]
I 1T ] Uln E
g Lol po Cocileoiion] Dolsboaetesstvelas] g 10:' R . .

0.0 0.4 0.8 1.2 1.6 2.0 0.0 0.4 0.8 1.2 1.6 2.0 0.0 0.4 0.8 12 16 2.0

Zn-Zr substitution x Zn-Zr substitution x
FIG. 8. The relative areaS; of Mossbauer subspectra atto) FIG. 9. Occupation fractions of Zn-Zr ions on each site for
the occupation numbersic(i), of Fe ions on the five sites for BaFa,_,Zn,,Zr,,01, (the dotted line is for random occupancy by
BaFa, Zny»Zry,010. the Zn-Zr ions)

subspectrum for the five sites are shown in Fi@)8From  occupied by Zn-Zr ions from=0 to x=1.6. The site occu-
these areas, the occupation numbegg(i) andNz,.z(i), of  pancies are similar to the Co-13'° Co-Sn'” and Co-M@°

Fe and Zn-Zr ions on thth site can be estimated based ongypstitutions in BaM ferrite. Obradoet al?* have proposed
the formula that the D site can display a pseudotetrahedral character;
hence, it is very possible for the Zh ions to occupy the B

Nedi)=Cro—s () , (5)  site. MGssbauer spectra of LaZnf©,4 showed that 90% of
E i the Zrf* ions are located on the site that has a maximum
“~ (1) hyperfine field, i.e., the &, site and the remaining 2
ions occupy the B site?> Neutron diffraction of
Ny z(1)=N(i) = Ngdi), (6) BaFg_,,Zn,Ti,O,q indicated that the Zn-Ti ions occupy the

N . ] 4fy,, 4f\y, 12k, and D sites, but exclude thea?site in the
whereCpe denotes the compositions of the Fe ions &{d)  |ow zn-Ti substitution$ In addition, the ions with a large
is the occupation number for thih site. The results are radius, such as 8¢ and IF*, tend to occupy the #, site?*
shown in Fig. 8). The occupancy fractions of Zn-Zr ions \yhereas the Al* and C?* ions have a small ionic radius
on the five sites and prefer the @ and 4f, sites?® Since the radii of both
Zn’" and Zf* ions are much larger than those of theFe

. . . 0
Fanzd1)=Nznz,(1)/N(i) X 100% @ ions, it is reasonable that the ions prefer thig,4site and

are shown in Fig. 9. exclude the 2 site.
In order to confirm the above results, some ddbauer In fact, the preference of Zn-Zr ions on thé4 site can

spectra were taken above Curie temperatures. These spechadirectly observed from Fig. 5. Let us notice the twodglo
consist of paramagnetic doublets. The quadrupole splitting ibauer lines at-7.5 and 8 mm/s. They are a summation of
about 2 mm/s for the 12 site and is much larger than that for three subspectral lines corresponding to ttg, 4 2a, and
any other sites. As a result, for thd Bite, the subspectrum 4f,y sites. Obviously, in low Zn-Zr substitutions the shape of
is separated from the other subspectra and an accurate sigach of the two lines displays a considerable change; with
spectrum area can be obtained. In the fitting processes, tliecreasing Zn-Zr, the relative intensities decrease for the
area ratios among the five subspectra were kept the same aster subspectrum lines corresponding to ttig, &ite and
those at room temperature. The fitted spectra are very weihcrease for the inner lines corresponding to tlaead 4f
consistent with the experimental data, as shown in Fig. 10.sites. This implies that the Zn-Zr ions prefer to occupy the
From Figs. 8b) and 9, Zn-Zr ions preferentially occupy 4f,, site.
the 2b and 4f, sites. The 1R site is involved in the substi- At x=0.8, there exists an extra sextet; it has broad line-
tutions atx=0.8. The 4, and 2a sites seem not to be width and is not satisfied with the intensity ratios of

TABLE Il. The concentration coefficient of hyperfine fieldlH,;/dx, on each site for
BaFe - xZny»Zr,2010.

Site 4, 2a af,, 12k 2b

dHy/dx (kOe) —23.9(12) —20.1(4) —24.1(13) —30.1(20) —20.2(15)
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FIG. 11. The reduced number of Bohr magneton per chemical
formula unit. (1) The solid line and(2) the dashed line are the
FIG. 10. Mussbauer spectra above Curie temperature forvalues calculated by E8) for the noncollinear and collinear mag-

BaFa,_,Zn, 21,05 together with curves for the subspectra, ob- Netic structures, respectivelf8) the dotted line is for the magnetic
tained by a computer fit. dilution model, and(4) the dash-dotted line is for the random-

distribution model.

Velocity (mm/s)

3:2:1:1:2:3 for the random oriented particles. The relativepetween these two effects, the magnetization of

area of the sextet increase frqm 23% for the sample with BaFg,  zn,,,Zr,,,0,0 exhibits an increase at first and then a
=0.8 to 50% for the sample with=1.6. On the other hand, decrease. A quantitative analysis of the magnetization is as
Mossbauer spectra show that with decreasing temperaturgy|lows.

the areas reduce from 50% at room temperature to 12% at Now the magnetizations or the number of Bohr magneton
T=77 K for the sample wittx=1.6. These features may Ng per chemical formula unit or Bakg yZn,,Zr»,019 Will

be associated with a spin relaxation or superparamagnetle calculated based on the distributions of th&*Fiens on
relaxation. The relaxations of nanoparticles inthe five sites. Usually, an Fe magnetic moment is considered
BaFq,_,Zn,,Zr,,,09 iS very interesting problem that will to be proportional to its hyperfine field. Therefore, the num-

be studied further. ber of Bohr magnetond\z, can be obtained from the for-
mula
1 3 2
V- DISCUSSIONS No= | 2 Hi(DNed )= 3 HiiNed) |, ®)

A. Site preference and magnetization

Zn-Zr substitutions in BaM ferrite lead to an abnormal wherei denotes the &, 12, 2b sites,j the 4f,, and 4

increase in the magnetizations at low substitutions. Howevet &S anda is the proportionality coefficient between the Fe

the hyperfine fields on all five sites monotonicall decreaséhoml:"nt anq the hyperfine fi_eld._ . .
in theyE/)vhoIe range of substitutions. This excludeys one pos- By substituting the hyperfine fields,(i) and occupation

. - . 5 numbersNgJi) into Eq. (8), the number of Bohr magneton
isolt;l: p?rrcly%lﬂc?:tﬂ?;;t?r:]c?rrr]:n:;mrr?;];r;r;ttig;irgr?gnem of thie' Fe Ng as a function of Zn-Zr substitutions, can be calculated.

. . . . For comparison between the calculated and experimental
As for a Zn spinel ferrite, the _Zn-Zr IoNS 1N 4ata, reduced valueg=Ng/Ng(0), areused; herdg(0) is
BaFa,-xZny 2212019 have two opposite influences on the e nymbers of Bohr magneton for the sample with0.
magnetizations. It is known that, for a BaM ferrite 3Fdons The results are shown by a dashed line in Fig. 11. The curve
with up-spin are distributed on thea2 12, and @ site and  yeplicates the characteristics of the experimental data with
ions with down-spin are located on thé,¢ and 4\, sites.  Jow Zn-Zr concentrations; the numbers of Bohr magneton
The Mcssbauer spectra shows that the Zn-Zr ions preferenincrease at first, reach a maximum and then decrease. How-
tially occupy the 4,, site, as shown in Fig. 9, which makes ever, at high substitutions, the calculated results have a larger
a negative contribution to the magnetization. Consequentlygdeviation with the experimental values.
the net magnetization increases. On the other hand, the Zn-Zr The high-field susceptibilities suggest a noncollinear mag-
ions give rise to a decrease in the Fe moméatshyperfine  netic structure at high substitutions & 1.2. The noncol-
fields) on all sites, as shown in Fig. 7. As a result, the netlinear structure has been confirmed for the Co-Ti substituted
magnetization decreases. Because of the competitioBa ferrites based on Mwsbauer spectra with a high field
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app“ed para”e| to they_ray directionz_e Wartewig et a|_23 TABLE Ill. The values Ole for a Single Fé+ ion at each site

also indicated that for Bake ,,Zn,Ti,Oys the canting angle " BaM ferrite by Ref. 31.
mainly occ_urre(_j in the IRsite and the value was about 25° Site 4., 2a 4f,, 12k b
in the applied field extrapolated to zeroxat 0.8. Based on

the noncollinear structure described by Wartewig, the valu&, (cm™*/ion) 051 023 018 -018 140
of the hyperfine field on the X2site in Eq.(8) should be
replaced byH;cos6, whered is the canting angle relative to

the direction of an applied field. Then, it is assumed that théOPy constantsK$*(i) i=1-5, on the five sites based on the
canting angles continuously change from 0° to 25° at theSingle-ion model, as listed in Table III. _
substitutions fronx= 1.0 andx=1.6. The reduced numbers The single-ion model leads to two important conclusions:
of Bohr magnetomg as a function of Zn-Zr substitutions, @ F,eﬂ Jons on the D site provide the largest positive
are calculated again from E); the results are shown as CO”:E“_b”t'O” to the magnetocrystalline anisotropy ai@i -
the solid line of Fig. 11. The values agree very well with theF€ " ions on the 1R site make a negative contribution. This

experimental data in both low and high substitutions after théMPlies that the total anisotropy constants are closely related
canting angles are introduced into the calculation. to the occupancies of the Feions, because the Zn and Zr
As comparisons, two other models were used to calculatiP"'S aré nonmagnetic and have no contrlbutllop to magneto-
ng. One is the magnetic dilution model. In this model, the Crystalline anisotropy. Based on the valuex@f(i) and the
moments of the F¥ ions are considered to be constant anddistributionsNe(i), of F€* ions on the five sites, the total
the magnitudes ofg only depend on the numbers of the anisotropy constanK$* of BaFe,_,Zn,Zr,;0;s can be
Fe" ions. Obviously, the calculatedg, as shown in the calculated from
dotted line in Fig. 11, greatly deviates from the experimental
data in both low and high substitutions. The other is the cal L cals
random-distribution model. In that model, ¥eions are ran- Ki :;1 Nee()KZ(H). ©)
domly distributed on all of the five sites. The reduced values
of ng calculated from the models are shown as the dot-dashor comparison, both experiment and calculated values are
lines in Fig. 11. The calculated results cannot show an infeduced and then are plotted as a function of Zn-Zr substitu-
crease in the magnetizations at low substitutions, althoughons, as shown by the solid line in Fig. 12. The reduced
the results are consistent with the experimental values for th@nisotropy constant is defined ds=K;/K,(0) where
samples withk=1.2 and 1.6. K41(0) is the value for the sample withk=0. Figure 12
Similarly, the number of Bohr magnetons B&4.2 and  shows that the calculated valueslid line) are very consis-
80 K, plotted against the Zn-Zr substitutions, have also beetgnt with the experimental results. However, if it is assumed
calculated based on the distributions of thé Fens on the that the Zn-Zr ions are randomly distributed on the five sites
five sites and using the canting model. In the calculation, th@r only occupy the &, or 2b site, the values ok calcu-
following conditions are usedl1) The values of the hyper- lated from Eq(9) are shown by the dotted, dashed and dash-
fine fields, 539 kOe for the f4, site, 527 kOe for the &,

5

4f, and 1X sites and 440 kOe for theb2site at T e L L A B B R
=4.2 K, and 533 kOe for thef4, site, 514 kOe for the & ok E
and 4f, sites, 500 kOe for the K2site, and 435 kOe forthe & [ ]
2b site at T=80 K, are taken from Refs. 27,282) The E 09F 3
dependences of the hyperfine fields on the Zn-Zr substitu- 3 s 3
tions are kept the same as those at room temperd8)réhe § 08 F E
canting angles are assumed to be the same as those at roo 2 07E 3
temperature. The calculated results are shown in a inset ofg " [ ]
Fig. 11. The consistency between the calculated and experi-$ 0.6 3
mental values shows again that the numbers of Bohr magne-'g : @ % D B ]
1 H 1 = ) -
ton per chemical formula or the magnetizations are closely 05 \ 3 ]
related to the site preference of the*Feons and the non- g 04| © 295K A E
collinear magnetic structure for Bafe,Zn,;»Zr,;5014. T F b8k \ ]
%03 - A 42K \ -
B. Site preference and magnetocrystalline anisotropy oo bl L ]

0.0 0.4 0.8 1.2 1.6 2.0

It is known that the high magnetocrystalline anisotropy of L
BaM ferrites has its main origin in B& ions on the trigonal Zn-Zr substitution x

bipyramidal site, i.e., thelZsite, which has a large asymme- £ 15 Reduced magnetocrystalline anisotropy constents

try because a ;grrlc ion is surrounded by five oxygen ionSthe sympols are the experimental data. The lines are for the values
Fuchikamiet al*® showed theoretically that the Feions on  ¢zjculated from Eq(9) based on the various distributions of Zn-Zr
the 2b site are principally responsible for the uniaxial anisot-jons; for(1) the distributions of Zn-Zr ions are obtained from s
ropy. Asti and Rinald® stressed that the contributions to the pauer spectra, fof2) and (3) the Zn-Zr ions only occupy thef4,
anisotropy from all of the five sites should be consideredand & sites, respectively, and f@#) the Zn-Zr ions are randomly
Further, Xuet al®! calculated the magnetocrystalline anisot- located on the five sites.
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dot lines, respectively, in Fig. 12. They are greatly deviated V. CONCLUSIONS
from the experimental data. Therefore, the change in the an- . -
isotropy constants with the substitutions is closely related to The BaE@z,XZnX,ZZr?(,Zng nanopart!cles exhibit abnor- .
the site occupation of B& (or Zn-Z ions. ma_\l saturation magn_etlzatlons, which increase at low substi-
In addition, the dependences of the total anisotropy contUtions, reach a maximum at=0.4 and then decrease &t
stants on the substitutions are almost the same in experimef=293, 80, and 4.2 K. The magnetocrystalline anisotropies,
tal errors at room temperature, 80 and 4.2 K. This impliesanisotropy fields and coercivities decrease rapidly and mo-
that the temperature dependences of the anisotropy Constarﬁ[@tonousw with Zn-Zr substitutions. The coercivities can be
on each site are approximately the same, which agrees witasily controlled from 4.5 to 2 kOe by adjusting the Zn-Zr
the results of Xuet al3! Their calculation showed the tem- substitutions and, at the same time, the saturation magneti-
perature dependences are almost constant for bthet®, , zations are kept higher than or close to that for BaBg,.
and 4f, sites and are slightly larger for th@2nd 1X sites. The magnetizations and magnetocrystalline anisotropies
However, it is known that the anisotropy contributions of theare closely related to the distributions of the Zn-Zr ions on
12k and 2a sites are much less than those for the &d  the five sites for BaRg_Zn,»Zr,»0.9 NAnoparticles. Mss-
4f,, sites. bauer spectra shows that the Zn-Zr ions preferentially occupy
Final, there is a considerable deviation between the exthe 2b and 4f,, sites. The preference on thef\4 site is
perimental and calculated values at high substitutiong of responsible for the increase in magnetizations at low Zn-Zr
=1.2 and 1.6. The approximation neglects the second ordesubstitutions. Ax=1.2 the rapid decrease in the magnetiza-
anisotropy constant in calculating the valueKqfboth from  tions is attributed to a noncollinear structure. A monotonic
the single-ion model and from the law of approach to satudecrease in the magnetocrystalline anisotropies with the
ration. Possibly, for high Zn-Zr substitutioris, cannot be  Zn-Zr substitutions has its origin in the preference of the

neglected. Zn-Zr ions for the D and 4f, sites.
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