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An investigation was made of Co-substituted hexagonal ferrites with the M, W, and Y 
structures. The localization of the Co2+ and Ti4+ ions in substituted M-type ferrites was 
determined. It was found that the nuclei of the Fe3+ ions, characterized by the fivefold 
coordination (sublattice e), were subject to strong electric-field gradients. The crys
tallographic anisotropy was affected mainly by the iron ions in the e sublattice in pure 
hexagonal barium and strontium ferrites. In the case of the Co-substituted ferrites the 
nature of the magnetic ordering and the magnetic anisotropy were strongly affected by 
the Co2+ ions. It was established that the replacement of the Fe2+ with the Co2+ ions in 
the hexagonal W-type fer rites altered the magnetic structure. The magnetic anisotropy 
of the W hexagonal ferrites was primarily due to the spin-orbit interaction. The mag
netic structure and the localization of the Zn2+ and Co2+ ions in the substituted Y-type 
hexagonal ferrites was investigated. The Mossbauer effect was used to determine the 
sublattice magnetizations of these compounds and a comparison was made with the re
sults of the magnetic measurements. It was concluded that a random canted spin struc
ture appeared in zinc-rich samples. 

1. INTRODUCTION 

Hexagonal ferrites have complex crystal structures 
and interesting magnetic properties. Considerable suc
cess has recently been achieved in investigations of these 
compounds but many pOints are still not clear. For ex
ample, the microscopic nature of the magnetic anisotropy 
and the cation distribution in hexagonal substitutional 
ferrites are not yet known. Little work has been done on 
the magnetic structure. Moreover, only a few Mossbauer
effect investigations have been made of hexagonal fer
ritesY-71 

It was our aim to determine the magnetic structure 
and cation distribution in hexagonal ferrites with the 
M, W, and Y structures by the Mossbauer spectroscopy 
method. 

We employed an electrodynamic Mossbauer spec- . 
trometer with a C057 source in a Pd matrix. An analysis 
of the Mossbauer spectra was carried out on a B1l':SM-4 
computer by the least-squares method. The minimiza
tion was performed by the sufficiently effective local 
Newton-Raphson method with a parabolic interpolation 
to the minimum. The investigated hexagonal ferrites 
were prepared from the melt. [aJ 

2. CATION DISTRIBUTION AND MAGNETIC 
STRUCTURE OF HEXAGONAL FERRITES WITH 
M STRUCTURES 

One formula unit of type M barium ferrite contains 
twelve iron ions. Six of the Fe3+ ions, with upward
directed spins, occupy octahedral sites (sublattice a), 
one ion is located in a different octahedral site (upward 
spin, sublattice b), two ions are at tetrahedral sites 
(downward spin, sublattice c), two ions occupy a third 
type of octahedral site (downward spin, sublattice d), 
and one iron ion is located at a site with fivefold coor
dination (downward spin, sublattice e). These struc
tural data were used in the interpretation of the Moss
bauer spectra. We empl6yed the same notation for the 
sublattices and the associated spectra. 
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The Mossbauer spectra of BaFe12019 and SrFe12019 
were similar to the spectra of these compounds reported 
in [2,9J and represented superpositions of five sextets of 
the iron ions located in five different magnetic sublat
tices. However, at room temperature the b- sublattice 
spectrum coincided with the d spectrum and only four 
sextets could be distinguished. An analysis of the inten
sities of the sextet components representing the iron 
ions located at different positions indicated that the re
placement of Fe3+ with Co2+ and Ti4+ in SrFe12019 reduced 
the intensities of the a-sublattice components. This in
dicated that the Co2+ and Ti4+ ions occupied octahedral 
positions in the a sublattice. In the case of 
BaCo2TbFea019 we observed a strong reduction in the 
iron ion population of the a sublattice, relative to that 
in pure barium ferrite. 

Table I lists the chemical isomeric shift 6, quadru
pole splitting ~,and local magnetic field HZ deduced 
from the Mossbauer spectra. All the sublattices of 
BaFe12019 exhibited a considerable quadrupole splitting. 
The highest value of ~ was obtained for the Fe57 nuclei 
located in the e sublattice. The replacement of Ba2+ in 
BaFe12019 with the smaller Sr2+ ions reduced the quad
rupole splitting in all the sublattices, except e. This in
dicated an increase in the symmetry of the local en
vironment of the Fe3+ ions located in the a, c, and d 
sublattices. The value of ~ for the e sublattice in 
SrFe12019 and, consequently, the electric-field gradients 
increased somewhat because of the substitution. The 
anisotropy constant Kl did not vary greatly with the 
composition (for BaFe12019 this constant was Kl = 3.3 
X 106 erg/cm3 and for SrFe12019 it was Kl = 3.6X 106 
erg/cm3). 

The replacement of some of the Fe3+ ions with Co2+ 

. and Ti4+ in strontium ferrite (SrCOo.42Tio.42Fell.16019) 
had the greatest effect on the local symmetry of the en
vironment of the Fe3+ ions located in the e sublattice. 
It is evident from Table I that the value of ~ for the e 
sublattice decreased considerably. At the same time the 
magnetic anisotropy constant Kl fell from 3.6X 106 to 
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TABLE I 

Sub
lat-

I , 
I;;" tice /sec 

H II Sub- I 6, I <1, I H II Sub-k6; l,at-' mm mm ko-~ l?t-
tlce {sec /sec !lee 1 6, I <1, I H mm mm k6~ 

/sec /sec 

BaFe120'9 SrFcl2019 Sr(Co, Ti)o,42Fel1,16019 

I 0,43 1 0,3 /408 i 0,49 1 0,19 
402 a 0,36 0,22 403 

c 0,34 0,11 493 c 0,3 0,05 486 c 0,24 0,oI 477 
d 0,46 0,21 516 d 0,41 0,15 506 d 0,34 0,1 493 

0,22 1,1 397 0,23 1,14 406 0,05 0,90 388 

Error ±0,03 ±0,03 ±5 

1.8xlQS erg/cm3. In the case of BaC(hTi2Fes019 the 
quadrupole splitting of all the sublattices (except e) be
came negative. This indicated a change in the direction 
of easy magnetization. In fact, at room temperature the 
magnetic ion spins in this compound were located in the 
basal plane and not aligned along the c axis as in the 
case of BaFe12019.[SJ 

The correlation between the constant Kl and the 
quadrupole splitting indicated that the magnetic aniso
tropy of the investigated compounds was governed pri
marily by the spin-orbit interaction. In barium ferrite 
all the sublattices (and particularly a and e) made a 
conSiderable contribution to the magnetic anisotropy. 
In the Co-substituted hexagonal ferrites the magnetic 
anisotropy was due to the iron ions located in the e 
sublattice and to the Co2+ ions. 

The replacement of barium with strontium had hardly 
any effect on the nuclei of the iron ions. However, in the 
case of Sr(Co,Ti)o.42Fell.1S019 and BaCo2Ti2Fes019 the 
local magnetic fields at the Fe57 nuclei located in the e, 
d, and c sublattices were weaker than the Hl' HY, and 
Hy fields in SrFe12019 and BeFe12019' 

The reduction in the magnetic fields at the Fe57 
nuclei located in the e, d, and c sublattices could be 
due to a change in the indirect interaction. The strongest 
interactions in the d and e sublattices were those of the 
de and ad type. The localization of the Co2+ and Ti4+ ions 
in the a sublaUice reduced the exchange interactions of 
the ad and ac types, which -in its turn-weakened the 
magnetic fields at the Fe57 nuclei. Some of the iron ions, 
whose immediate cation environment included the non
magnetic titanium ions, became paramagnetic and made 
no contribution to the ferrite magnetization. Calculations 
indicated that in the case of BaCo2Ti2Fes019 more than 
hand the Fe3+ ions located in the d, a, and c sublattices 
exhibited no magnetic hyperfine splitting. 

It should be pOinted out that the magnetic fields at the 
iron ion nuclei characterized by the fivefold coordina
tion (sublattice e) were much weaker than in the other 
sublattices. This could be due to a considerable transfer 
of the spin density from the Fe3+ ions to the surrounding 
oxygen atoms, which should give rise to a strong ex
change interaction between these ions and the iron ions 
in the d sub lattice . In view of this the sublattice e 
should strongly influence the exchange interaction be
tween the other sublattices. This hypothesis was con
firmed by measurements carried out on BaSl.5FelO.5019, 
in which the nonmagnetic Sc3+ ions were localized in the 
b, e, and a sublattices. Even small amounts of scandium 
reduced considerably the magnetic fields in all the sub
lattices. 

Measurements of the magnetic fields at the nuclei al
lowed us to determine the sublattice magnetizations (J. 
We could compare the magnetizations deduced directly 
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TABLE II 

Ferrite 
____ -.Su_b_rn_tti_ce_m,a_gn_et_ua_tl,.on_o ____ ,-_. __ I __ O:_.c_m'_.~Ig __ ,_om_ 

aFe120u 
rFelzOu 

B 
S 
S 
B 
B 

r(Co, Ti)o,42Fell,16019 
aCo2Ti2FesO'9 
aScl,5FeIO,:;019 

Cry,taUa-
graphic 
position 

12K3(8) 
4/,(8) 
4., (8) 
2d(R) 
41s(R) 
6g(B) 
4J,(B) 

129 51,8 54,4 27 20,9 
127 51,2 53,2 26,6 21,3 
115 50,1 51,8 25,9 20,4 
19,7 11,2 7,5 26,S 19,7 
92 36,8 40,8 13,6 12,9 

TABLE III 

Tetrahedro1 Octahedron I Sublallice Trigonal 
bipyramid 

I 6t a 
2t b 

21 c, 
It • 

2j d 
3t a, 

21 c, 

70,7 
70.5 
59,9 
47,2 
40,9 

72 

60 
47 
60 

from the magnetic measurements (Jm with the magneti
zations ClM obtained from the Mossbauer-effect measure
ments of the magnetic fields at the nuclei. This compari
son is made in Table II. 

We can see from Table II that the Mossbauer results 
are in good agreement with the magnetic measurements 
and this is true for all the compounds with the exception 
of BaScl.5FelO.5019' It follows that the hypothesis of a 
collinear distribution of spins in these ferrites is cor
rect. The discrepancies between the magnetizations (JM 
and (Jm for BaScl.5FelO.5019 indicate a deviation from 
the collinear model. 

3. MAGNETIC STRUCTURE AND 
LOCALIZATION OF Fe2+ AND Co2+ IONS IN 
HEXAGONAL FERRITES WITH W STRUCTURES 

According to the neutron-diffraction investigations, 
[8,lOJ there are seven magnetic sublattices in 
BaFe2_xFelS027. The number of ions in these sublat-
tices and the directions of the magnetic moments are 
given in Table III. Arrows directed up or down repre
sent in a conventional manner the directions of the 
magnetic moments of the iron ions located at inequiva
lent crystallographic sites. The resultant magnetic 
moment in the collinear model should be directed upward. 

Figure 1 shows the Mossbauer spectra of 
BaCo2+Fe2+Fe3~s027 obtained at room and liquid nitrogen 
temperatures. At room temperature the spectrum has 
21 lines and represents a superposition of seven sextets 
of the Fe3+ ions located at different crystallographic 
sites (Table III). 

The components of the spectra were identified by in
vestigating the ferrite Co1W in an external magnetic 
field H = 17 kOe normal to the direction of propagation of 
the y rays. Figure 2 shows the Mossbauer spectrum of 
Co1W, recorded using a C057 source in a chromium ma
trix and an external field H = 17 kOe. The external field 
shifted the d, Cl, and C2 lines in the direction of higher 
velocities, i.e., in the direction of higher hyperfine fields. 
This indicated that the directions of the magnetic mo
ments of the Fe3+ ions, corresponding to these lines, 
were opposite to the direction of the resultant magneti
zation of the ferrite. In the W structure these ions 
(Table III) were located in the d, Cl, and C2 sublattices. 
The highest value of the hyperfine field was observed 
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FIG. I. Mossbauer spectra of the hexagonal ferrite BaCo2+Fe2+Fd~027: 
a-at liquid nitrogen temperature; b-at room temperature. The a, ai, e, cl, 
C2, b, d sextets are due to the iron ions in the sub lattices listed in Table Ill. 

81 Z -

808 

8M 

800 

, . 
1:,+ 

-8 0 8 
mm/sec 

FIG. 2. M1'>ssbauer spectrum of BaCoFeFel6027 measured in an ex
ternal magnetic field H = 17 kOe using a COS7 source in chromium. The 
arrows represent the directions of the magnetic moments of the iron ions 
in seven sub lattices. 

for the d sublattice (R block) in the W structure (dif
fering from the M structure by spinel blocks). Hence, 
we could attribute the outer d lines to the d sublattice. 
The Cl and C2 lines were due to the Cl and C2 sublat
tices. The components b, e, and a shifted toward weaker 
fields when an external field was applied. Consequently, 
they were attributed to the Fe3 + ions located in the b, e, 
and a sublattices (Table III). An analysis of the intensi
ties of the components b, e, and a and a comparison 
with the results of an investigation by the NMR method 
demonstrated that the smallest value of HZ was observed 
for the e sublattice (fivefold coordination). This inter
pretation of the spectrum was in good agreement with the 
NMR data on Fe2W. 

An increase in the concentration of the Co2+ ions (cor
responding to an increase of x from 1 to 1.75) altered 
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strongly the hyperfine splitting pattern_ The spectrum 
of a sample with x= 1.75 (Fig. 3) had 16 components, 
i.e., the number of lines was less than in the spectrum 
of a sample with x= 1. This was due to the overlap of 
the components of the spectra representing inequivalent 
positions of the Fe3+ ions. It should be noted that the 
same increase in the concentration of cobalt reduced 
strongly the intensities of the components representing 
the Fe3+ ions located in the a octahedral sublattice. This 
reduction in the intensity was due to a reduction in the 
iron ion population of the a sublattice. 

Since the iron ions in the BaCoxFe2-xF16027 system 
were replaced with the Co2+ ions, we concluded that the 
observed reduction in the intensities of the a-sublattice 
lines was due to the localization of cobalt at the 12K3 
positions (Table III). In fact, neutron-diffraction investi
gations demonstrated that most of the cobalt ions occu
pied the 12K3 positions in the ferrites grown from the 
melt. The rest of the Co2+ ions were distributed at ran
dom between other positions in the spinel blocks. 

The spectrum of a sample of C01W differed from that 
of Fe2W by the presence of additional lines (7, 15) evi
dently due to Fe2+. This was supported by the Mossbauer 
spectra of the samples in which the Fe2+ ions were re
placed almost completely with the Co2+ ions. A compari
son of Figs. 1 and 3b indicated that the lines 7 and 15 
(Fig. 3b) of the Fe2+ ions were not observed in the spec
tra of BaCoi:75Fe~:25Fe~~027' 

Thus, the presence of the Fe2+ lines in the spectrum 
of Co1W indicated that the Fe2+ ions in the investigated 
samples were localized at one crystallographic pOSition 
(in one sublattice). If the Fe2+ ions were located in sev
eral sublattices the spectra would have had a series of 
sextets due to the inequivalent positions of these ions. 
The question then arose as to where these Fe2+ ions were 
localized. 

195 

194 

I!lZ 

190 
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FIG. 3. Mossbauer spectra of: a-BaFerFd~027; 
b-BaCor 75Fe~: 2S Fel~027' 
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It should be pointed out that x-ray structure investi
gations of Fe2W ferrites failed to establish the positions 
of the divalent iron ions because of the similarity of the 
scattering factors of the Fe2+ and Fe3+ ions. Braun[Ul 
applied the condition of electrical neutrality and assumed 
that the Fe2+ ions were located in spinel block but he did 
not specify their crystallographic positions. Measure
ments of the Mossbauer spectra of Co1W in a magnetic 
field indicated that the direction of the magnetic moments 
of the Fe2+ ions coincided with the direction of the net 
magnetization of the ferrite. An analysis of the intensi
ties of the components in the spectra showed that the 
Fe2+ ions were localized in the a sublattice. 

Table IV lists the isomeric ehcmical shifts Ii, the 
magnetic fields at the Fe57 nuclei (Hl) , and the quadru
pole splittings A in the investigated samples. In pure 
hexagonal ferrite Fe2W the greatest quadrupole split
ting (0.85 mm/sec) was exhibited by the Fe3+ ions char
acterized by a fivefold coordination (sublattice e). In 
contrast to the hexagonal ferrites with the M structure, 
the values of A were small for all the other sublattices. 
Special atomic positions (2d positions in the e sublat
tice, Table lIT) were found in the crystal lattice of the 
hexagonal ferrite Fe2W. These positions were the nodes 
of chains of the exchange interactions. The Fe3+ ions 
located at these positions were coupled by the exchange 
interactions of the iron ions in the d and a sublattices. 
The orientation of the magnetic moments of the iron 
ions in the e sublattice evidently had a strong influence 
on the orientation of the magnetic moments in the other 
sublattices. Since the trigonal axis of the fivefold coor
dination of the Fe3+ ions in Fe2W was the principal sym
metry axis of the tensor of the electric-field gradient and 
it coincided with the hexagonal c axis, the strong spin
orbit interaction oriented the magnetic moments of the 
iron ions in the e sublattice along the c axis. This was 
not in conflict with the results of neutron-diffraction and 
magnetic measurements. [81 

The quadrupole splitting was greatest for the ,Fe3+ 

ions located in the a and e sublattices. The introduction 
of Co2+ ions into Fe2W resulted in large changes in the 
quadrupole splitting of the iron ions in the C2 and a sub
lattices, relative to the splitting in pure Fe2W. The re
placement of half the Fe2+ ions with Co2+ in the C2 sub
lattice reversed the sign of the quadrupole splitting. 
This change in the splitting could be due to a change in 
the magnetic structure of the ferrite, i.e., due to devia
tions of the magnetic moments of the iron ions from the 
hexagonal axis. One should also allow for the possibility 
of local distortions of the crystal lattice. However, such 
distortions could not result in the observed large changes 
(particularly the reversal of the sign) of the quadrupole 
splitting. The negative sign of the quadrupole splitting 
in the C2 sublattice of Co1W could be explained by the 
presence of the Co2+ ions in the a sublattice. The near
est sphere of the cation environment of a Co2+ ion in
cluded two iron ions in the d sub lattice , one ion in the e 
sublattice, and three ions in the C2 sublattice. Conse
quently, the strong exchange interactions of the Co2+ ions 
in Co1W with their nearest neighbors deflected the mag
netic moments of these neighbors away from the c axis. 
These deviations altered the angle between the direction 
of the magnetic field at the Fe57 nuclei and the symmetry 
axis of the electric-field gradient, i.e., they altered the 
quadrupole splitting. 

It is evident from Table IV that the replacement of 
half the Fe2+ ions in Fe2W with the Co2+ ions altered only 
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TABLE IV 
I 5, a, HV kOe II SUblattice\ 

5, a, IHL• kOe SUblatticel mm/sec mm/sec mm/sec mm/sec 

Fe,W; T=300° K COI,7,W; T =3000 K 

d 0,45 0,08 517 d 0,4 -0,14 526 
b 0,45 0,08 510 b 0,44 -0,02 517 
a, 0,42 0,05 496 a, 0,44 -0,01 506 C, 0,37 0,06 478 C, 0,40 -0,04 476 
C, 0,38 0,05 434 C, 0,37 -0,23 433 
a 0,46 0,22 414 a 0,40 -0,14 401 
e 0,25 0,85 409 0,26 0,87 413 

Co1W; T=300° K Co1W, T=82° K 

d 0,49 0,02 517 d 0,46 -0,03 546 
b 0,47 0,04 508 b 0,49 -0,04 529 
a, 0,42 0,01 491 al 0,43 -0,01 516 
C, 0,40 0,06 474 CI 0,40 -0,02 503 
C, 0,34 0,02- 436 C, 0,39 -0,07 466 
a 0,45 0,12 411 a 0,56 -0,09 500 

0,32 0,83 408 0,25 0,97 429 

the quadrupole splitting of the Fe3+ ions located in the 
nearest sphere of the cation environment of a cobalt ion. 
Obviously, the direction of the magnetic moments of the 
iron ions in the C2 sublattice did not coincide with the 
direction of the hexagonal axis but made some angle 
with the latter. 

It should be noted that the Co2+ ions formed a second 
type of node of chains of the exchange interactions (po
sition 12K3, sublattice a). In the Co1W ferrite these po
sitions made a conSiderable contribution to the mag
netic anisotropy because of the freezing of the orbital 
moments of the Co2+ ions by the inhomogeneous crystal 
field. 

Thus, the main contribution to the magnetic aniso
tropy of Co1W was made by the Co2+ ions and by the 
Fe3+ ions in the e sublattice. Even greater changes, 
relative to Fe2W, were observed in the quadrupole split
ting of the ferrite C01,75W. In this case, the quadrupole 
splitting was reversed in sign for all the Fe3+ ions, ex
cept those in the e sublattice. According to neutron
diffraction investigations /81 the magnetic moments of 
the ions in this sample were oriented in the basal plane. 
The quadrupole splitting A in the e sublattice of the 
ferrite C01.75W was equal, within the limits of the ex
perimental error, to the corresponding splitting in Co1W 
and Fe2W. This could indicate a constancy of the angle 
e between the magnetic moment of the Fe3+ ions and the 
axis of the tensor of the electric-field gradient. How
ever, this was in conflict with the results of neutron
diffraction studies. In view of the absence of x-ray struc
ture data on changes in the distorted fivefold coordina-

----" ", 
._ tI 21Z 

'f fl, 

d 
! : C, ~~~~~~~~~~~~~~~~~-~j~~ zoo 'I b 

ZOq 

zoo 

~---~8~--------+'q--------~0'-------~---------U--

Il, mm/sec 

FIG. 4. Mossbauer spectrum of the hexagonal ferrite 
Bazeo[ 7SZnO zsFe120zz. The dashed lines in the upper part of the figure 
represent the' positions of the sextet components in an external magnetic 
field H = 17 kOe and the continuous lines represent their positions in 
the absence of a field (H = 0). 
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tion with the value of x in the system COxFe2- XW, the 
orientation of the axis of the electric-field gradient 
tensor could not be determined and the direction of the 
magnetic moment of the Fe3+ ions in the e sublattice 
of C01.75W could not be found relative to the crystallo
graphic axes. Therefore, up to now it has been difficult 
to explain the results obtained. 

Measurements on the hexagonal ferrite Co1W were 
carried out at liquid nitrogen temperature. It is evident 
from Table IV that the quadrupole splitting in all the sub
lattices was negative, except in the e sublattice. This 
change in the sign of the quadrupole splitting in all the 
sublattices was evidence of a change in the direction in 
the magnetic moments of the iron ions. 

4. MassBAUER SPECTROSCOPY OF 
HEXAGONAL FERRITES WITH Y STRUCTURES 

According to the structure data, [S,11,12] the crystal 
lattices of the hexagonal fer rites with a common chem
ical formula Ba2Zn;:xCo5tFe~;022 (type Y structure) 
consist of spinel (S) and tetragonal (T) blocks. One 
formula unit of these ferrites includes seven inequiva
lent positions of the metal ions. The number of ions at 
different positions in the Sand T blocks and the rela
tive directions of their magnetic moments are given in 
Table V. The results of structure investigations carried 
out inCS ,1l,12] were used at the starting point in the analy
sis of the complex Mossbauer spectra of the hexagonal 
type-Y ferrites. 

Figure 4 shows, by way of example, the spectrum of 
the hexagonal ferrite Ba2ZIlo.25C01.75Fe12022' The pres
ence of seven different positions of the iron ions made it 
necessary to resolve this spectrum into seven sextets 
of the iron ions in the a, aI, b, Cl, C2, d, and f sublat
tices (Table V). The positions of these sextet lines were 
identified by continuous lines in the schematic represen
tation given in the upper part of Fig. 4. The components 
of the spectra were identified by measurements in an ex
ternal magnetic field H = 17 kOe. These measurements 
established the shifts of the lines for five magnetic sub
lattices a, d, b, Cl' and C2' The positions of the sextet 
components in an external magnetic field were repre
sented by dashed lines in the schematic representation 
given in the upper part of Fig. 4. The lines corresponding 
to the sextets a and b shifted in the direction of lower 
hyperfine fields at the Fe57 nuclei. Consequently, the 
directions of the magnetic moments of the iron ions cor
responding to these sextets were parallel to the result
ant magnetization and could be attributed to the a and b 
sublattices. A definite shift of the components in the 
direction of higher values of Hl was observed for the 
sextets Cl and C2. These sextets were due to the Fe3+ 

ions, whose magnetic moments were antiparallel to the 
resultant magnetization and, consequently, were located 
in the Cl and C2 sublattices. Unfortunately, it was not 

TABLE V 

SUblattice I Position 
acta· I· Tetra-

'hedron 'hemon 

18h(S) ~+-

a, 18h(T) 3.-
b 3b(S) 1«-
c, 6c(S) 2_ c, 6c(T) 2_ 
d 6c(T) 2_ 
f 3a(T) I-
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possible to establish the direction of the shifts of the al' 
and f lines because of the poor resolution. We Simply 
assumed that they were due to the Fe3+ ions in the a1 
and f sublattices. 

Figure 5 shows the dependences of the relative in
tensities of the outer components of the six sextets a, 
au b, Cl, C2' and d in Ba2Z~_xCOxFe12022 on the cobalt 
concentration. The replacement of the Zn2+ ions with 
C02+ increased the relative intensity of the components 
of the Cl and C2 sextets and, consequently, increased 
the iron ion populations of the Cl and C2 sublattices. 
Obviously, the replacement of the Zn2+ ions with Co2+ 

resulted in a transfer of the iron ions from the sublat
tices where cobalt was localized to the sub lattices where 
zinc atoms were located. Consequently, we could assume 
that the Zn2+ ions were localized in the tetrahedral sub
lattices Cl and C2' This was in agreement with the re
sults of neutron-diffraction investigations of the 
Zn2-xCoxY ferrites. (13) An increase in the concentra
tion of Co in CoxZ~-xY reduced the intensities of the 
lines corresponding to the a, aI, and b sublattices. 
This could be due to the localization of the Co2+ ions in 
these sublattices. 

The saturation magnetic moment· n calculated per 
formula unit by the application of the Gorter model, 
making allowance for the distribution of the Zn2+ and 
Co2+ ions between the magnetic sublattices found in our 
investigation, was in good agreement with the experi
mental value of n deduced from the specific saturation 
magnetization. For example, in the case of total locali
zation of the Co2+ ions in the a and al sublattices of 
ZIlo.25C01.75Y the magnetic moment was 10.54 MB. This 
value was almost identical with the experimental value 
n= 10.6 MB. 

The parameters of the Mossbauer spectra of the in
vestigated ferrites are collected in Table VI. Slight 
quadrupole shifts were observed for all the magnetic 
sublattices in the CoxZ~-xY ferrites. The smallest 
values of Do in Zn2 Y obtained for the c, d, and a sub
lattices were -0.01 ± 0.02 mm/sec. The shifts were 
somewhat larger for the c2 and f sublattices. A char
acteristic feature of the spectra of Zn2 Y was the nega
ti ve sign of the quadrupole shifts of all the sublattices. 
Replacement of the Zn2+ ions with Co2+ did not alter 
significantly the quadrupole shifts. In the case of pure 
Zn2 Y, these shifts were small and negative. The nega
tive sign and the almost identical values of the quadru
pole splitting of these compounds indicated that the di
rection of the magnetic moment was the same for all 

o 0.5 I,D f • .f 

FIG,S. Dependences of the relative intensities of the outer com
ponents of the a, alo b, ci, C2, and d sextets of the Ba2CoXZn2-xFe12022 
ferrites on the cobalt concentration. The intensities of the components 
of the a and a, sublattices are identical. 
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TABLE VI 

I Sublattice 

Parameter ---,--',--,----.,-----,-1 -a'-, ~I-,-.,---;I--- Error 

Zo,'\" 

lIL,k.oe*138".(38.8) 137:'(366) I 35ot:l:'1) 1 338(335) 1 3111(310) I 29J(279) 1 207(260) 1 +._8 kOe 
b,ntrn/sec IJ.H 11.·11 I U.·lI 0.42 0.431 U.38 1I.38 +O.1I3mm/sec 
<l..mm/sec -0.112 -0.01 -II.UI -·0.01 0.1)2 --IJ.II7 ·-u.09 tU'<'3mm/sec 

Zn},zaC(to,7.-,Y 

HL, kOe 1 435 421 140:; 1381 1362 ':'16 \ 311 1 +8 kOe 
0, mm/sec OAI 11,39 n.41 1J,42 0,42 0.4 0.36 ±1I.03mm/sec " 
~, mm/sec -1J.1I7 --0.01 -.11.116 --U.U251 -",07[-0,12 -0,10 ±O,03mm/sec 

Znll,.~C')I,:;Y 

HL, kOe 466 450 \436141813951377 1314 1±5koe 
mm/sec . 0.43 0.4 1l.46 0,1 U,16 0,50 0,45 +0.02mm/sec 
mm/sec --0.116 -iJ.04 -0.01 -0,06 .. ·(1,06 -0,02 -0,05 -tU,02mm/sec 

Z'lo,'.!.-,C01•75Y 

HL, kOe 473 455 
1441 \424 1 ,01 1 3'/9 1 357 I ±5 kOe 

mm/sec 0,42 0.43 II 44 II 44 0 1,25 0,46 0,45 +U .02 mm/sec 
mm/sec -0,06 --0.03 -U:'12 -U:02 .-0:05--0.02 -0,01 to.1I2mm/sec 

'The values in parentheses are the field HL, in kOe, taken from [6]. 

compounds at room temperature and that these com
pounds had an easy magnetization plane. This was in 
agreement with the results of neutron-diffraction inves
tigations which showed that at room temperature these 
ferrites exhibited a collinear ordering of spins oriented 
in the basal planeY~] 

Replacement of the nonmagnetic Zn2+ ions with the 
magnetic C02+ altered considerably the magnetic fields 
at the FeS7 nuclei. In the case of the Zn2Y ferrite the 
hyperfine fields at the Fe57 nuclei were (267- 388) ± 8 
kOe for the seven sublattices, The introduction of the 
C 02+ ions expanded this range. For example, in the case 
of C01.7SZIlo.2SY the lowest value of the local magnetic 
field HZ = 357 ± 8 kOe was obtained for the f sublaUice. 
The highest field (473 ± 5 kOe) was found at the nuclei of 
the iron ions in the b sublattice. 

Figure 6 shows the dependences of the magnetic fields 
at the FeS7 nuclei in seven magnetic sublattices on the 
concentration of Co. The local magnetic fields at the 
nuclei increased on the replacement of Zn2+ with C02+ • 

This increase in HZ was in agreement with the rise of 
the Curie temperature. The largest change in HZ on 
transition from Zn2Y to COl.7SZIlo.2SY was observed for 
the f sublattice. This sublattice was characterized by 
the lowest value of the hyperfine field in pure Zn2Y. This 
could be due to the weak indirect exchange interaction 
of the iron ions in the f sublattice with the ions in the 
other sublattices. The hyperfine field at the FeS7 nuclei 
was found to depend on the average value of the mag
netic moment of an iron ion (Sz> which was affected by 
the exchange interaction. [14] 

A random distribution of the Zn2+ ions between tetra
hedra suppressed the strong exchange coupling (of the 
AB type) between the sublattices f and C2, and between 
al and C2' The strongest was the weakening of the in
direct exchange interaction of the f sublattice, which 
gave rise to a low value of the hyperfine field at the FeS7 
nuclei (H~). Replacement of the Zn2+ ions with C02+ en-
hanced the exchange interaction and increased strongly 
the values of H~. 

Let us now compare the saturation magnetization of 
the Co-substituted hexagonal ferrites with the Y struc
ture, determined directly by a magnetic method, with the 
magnetization deduced from the measurements of the 
magnetic fields at the nuclei carried out by the Moss
bauer method. The magnetic measurements indicated 
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~, ~o ~s z 
FIG. 6. Dependences of the magnetic fields at the Fe57 nuclei in the 

a, a b b, c" C2, d, and f sublattices on the concentration of coblat in 
Ba2Zn2-XCoxFe12022' 

that the replacement of the Zn2+ ions in COxZIl:!-xY with 
C02+ reduced the magnetization from 42 to 34 G' cm3. g-1 
when x was increased from 0 to 1.75. The magl<etiza
tion deduced from the magnetic measurements on sam
ples witlt x S 1.5 was considerably smaller than the mag
netization calculated from the Mossbauer spectroscopic 
data. This difference was particularly strong at high con
centrations of zinc. The large difference between the 
results of the magnetic and Mossbauer measurements 
has frequently been attributed to an ordered or random 
canted spin structure. 

Measurements of the Mossbauer effect in 
Ba2Zn2Fe12022 allowed Albanese, Asti, and Lamborizio[6] 
to suggest the existence of a canted magnetic structure 
in this coml'ound at room temperature. It should be 
noted that the symmetry of the crystal structure of the 
Y ferrites allows a spin noncollinearity at those pOints 
in the lattice where the indirect exchange is weakened. [15] 
However, neutron-diffraction investigations showed that 
at room temperature the investigated ferrites did not 
exhibit an ordered canted magnetic structure. [13J 

Evidently, the large discrepancies between the results 
of the magnetic and Mossbauer measurements were due 
to random canted configurations of spins in the zinc-rich 
samples. 
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