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The effect of Cr substitution into nanocrystalline Co-Zn ferrite prepared by the chemical coprecipitation
method has been studied. Mdssbauer studies at a temperature (20 K) well below the blocking temperatures of
the samples show that Cr goes preferentially into the octahedral B site and that the hyperfine fields at both A
and B sites decrease with increase in Cr concentration. Based on the cation distribution obtained from fitting
Modssbauer spectra, structural parameters such as lattice parameters, site bond and edge lengths, and the oxygen
parameter u have been calculated. The trend of theoretically calculated lattice parameter with Cr content

matches well with the experimentally obtained values.
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I. INTRODUCTION

Nanocrystalline ferrite systems have been the topic of in-
tense research in recent years due to the wide possibilities of
use in technological applications that require miniaturization
as in high-density data storage. In ferrites, the magnetic
properties are mainly dependent on the type of metal ions
and their distribution between the tetrahedral A and octahe-
dral B sites.! Hence, the tuning of magnetic properties re-
quires a thorough understanding of the influence of prepara-
tion methods, substitution, and thermal treatments on the
cation distribution. In ferrites of the same composition, the
physical properties are also size dependent, since the proper-
ties of nanosystems are largely determined by interparticle
spacing and surface-to-volume ratio.?

The mixed spinel Co,sZngsFe,0, is well suited for the
study of size effects, since Co and Zn have strong prefer-
ences for the octahedral and tetrahedral sites, respectively.
According to these preferences, the cation distribution
should be (ZngsFeqs)[CoysFe; 5]0,. However, in nanopar-
ticles, various effects arising due to small particle sizes® may
result in a different distribution. The spinel structure also
allows introduction of different metallic ions, which can
change the magnetic and electrical properties considerably.*>
Magnetic properties in these materials such as magnetic an-
isotropy, coercivity, appearance of superparamagnetism, and
variation in hyperfine fields can be tailored by simple substi-
tution of other magnetic and/or nonmagnetic ions.°

A study of the hyperfine fields gives valuable information
about the Fe site occupancy and strength of interactions,
which can be used to estimate the cation distribution, thus
enabling a comparative study of the differences between bulk
system and nanosystem of the same nominal composition.
Recently, we had reported the magnetic properties of a bulk
Cr,Coy5_,Zn, sFe,0, system prepared by the chemical co-
precipitation method and studied using Mossbauer effect.” In
the present study, we report the effect of particle size on the
properties of a nanosystem of the same composition prepared
under identical conditions. At room temperature, this nano-
system is superparamagnetic.® To compare the magnetic hy-

1098-0121/2007/75(14)/144419(6)

144419-1

PACS number(s): 75.75.+a, 81.16.Be

perfine fields at Fe sites in the nanosized particles to that in
the bulk, Mdssbauer measurements have been made at a tem-
perature much less than the blocking temperature.

II. EXPERIMENT

Nanoparticles of Cr,Cos_,Zn,sFe,O, were synthesized
by a chemical coprecipitation method.® The precipitate was
dried at 373 K for 24 h and subsequently annealed at 573 K
for 24 h to obtain the nanosamples. To confirm the stoichi-
ometry of the samples, energy dispersive x-ray (EDX) analy-
sis was done on all the samples. EDX spectra show that the
stoichiometry of the samples is within £2% error of the de-
sired ratio. X-ray diffractograms (XRD) were obtained using
a Rigaku Miniflex x-ray diffractometer (30 kV, 15 mA, Ni
filter) with Cu K« radiation. The average crystallite size d
was calculated from the broadening of the most intense (311)
peak in the XRD spectrum. Correction for instrumental
broadening was done using the expression

B=B-b. (1)

Here, B is the full width at half maximum (FWHM) obtained
by fitting a Lorentzian (Cauchy) profile to individual XRD
peak and b is the instrumental broadening determined from
an x-ray pattern of standard silicon sample used for instru-
mental calibration. The average crystallite size was obtained
using the Scherrer equation t=0.9\/(8 cos 6) [where ¢ is the
crystallite size, N\ is the x-ray wavelength, and 6 is the posi-
tion of the (311) peak in the XRD]. Lattice parameter a, was
obtained using the powder—diffraction package’ (PDP 1.1)
program. Using the INDEX subroutine available in the pro-
gram, the spectrum was checked to confirm the cubic struc-
ture. Appropriate value of s=h’>+k*+[*> was determined, and
the lattice parameter calculated using the equation

sinf? @ A2
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Mdssbauer measurements were made with a 25 mCi Co”’
(Rh) source at 20 K. Velocity calibration was done using
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FIG. 1. Particle size distribution in Cr,Coys_,Zn, sFe,0, for dif-
ferent values of x.

metallic iron foil. Mossbauer spectra were fitted using a stan-
dard program that fits for Lorentzians.!”

III. RESULTS AND DISCUSSIONS

A. Variation of particle size and lattice constant
with Cr concentration

A systematic decrease in the particle size in the nanosys-
tem is observed with an increase in Cr concentration. The
average particle size of the samples has been determined
using the Scherrer equation and corroborated by transmission
electron microscopy (TEM). Figure 1 gives the particle size
distribution for the samples determined from TEM. The size
for x=0.0 is around 6.5 nm and decreases to approximately
2.5 nm for x=0.5,% suggesting that the presence of chromium
inhibits crystal growth. In coprecipitation methods, the crys-
tal growth depends on various parameters, the most impor-
tant being the molecular concentration of the constituents
approaching the surface of the crystal during the process of
growth. The liberation of latent heat at the surface makes the
local temperature higher than the average temperature of the
solution. The surface temperature affects the local molecular
concentration at the crystal surface, and hence the crystal
growth.!! The trend of crystallite size in the present series
suggests that the formation of chromium-zinc ferrite is more
exothermic compared to cobalt-zinc ferrite.!?

The dependence of grain size on chromium concentration
may also be related to the site preferences of Cr, Zn, and Co
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FIG. 2. Variation of lattice constant for nanoparticles of

Cr,Cogs_Zng sFe,04 with Cr concentration. The line is a linear fit
to the experimental points.

ions in spinel structure of ferrites.'>!* It is well known that
Zn ions in the spinel structure have very strong preference
for tetrahedral A sites, while Co and Cr ions have a strong
preference for octahedral B sites. It has been reported!® that
when ions with strong site preferences are substituted into a
ferrite, the particle size decreases with an increase in the
content of the substituting ion. This is attributed to the re-
duced flexibility of substitution into the available sites during
particle growth, thus limiting the nucleation process and size.
Mossbauer studies in the present series confirm the preferen-
tial substitution of Cr into the octahedral B sites, and so the
decrease in particle size with increase in Cr content can be
partially attributed to the strong octahedral site preference of
Crin CerOO.S—xZHO.SFGZOél'

The lattice constant a, increases linearly with increasing
Cr concentration from starting value of 8.45+0.004 A for
COO~5Zn0_5F6204 to 8.60+0.004 A for Cr0_52n0'5F3204 (Flg
2). The trend of change in a in ferrites with substitution of
one cation with another is mainly due to cationic size
effect.'®!” Since Cr’* has a larger ionic radius than Co’*,
substitution of Co with Cr would lead to an increase in a,.
The enhancement in the lattice constant in nanomaterials
may also be attributed to the interface structure, which has a
large volume fraction'® in these materials. The decrease of
grain size with addition of Cr therefore enhances surface
effects in this series.

B. Mossbauer studies

Mossbauer spectra of Cr,Coqs_ZngsFe,O, at 20 K are
seen to be well resolved magnetic sextets (Fig. 3). The fitted
parameters are given in Table I. The isomer shifts (IS) at
20 K at both A and B sites are seen to be almost a constant,
which indicates that the s-electron distribution of the Fe*
ions is insensitive to the Cr content. This is contrary to the
trend of IS with Cr concentration observed at room tempera-
ture, where the IS at B site increases with increase in Cr
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FIG. 3. Low-temperature Mossbauer spectra of the series
Cr,Cops_,Zn, sFe,0, taken at 20 K.

concentration.® The IS value at 20 K is higher than that at
300 K by about 0.15 mm/s.

The isomer shift depends on temperature due to three dif-
ferent effects: the second-order Doppler shift (SOD), the
change in the volume per atom resulting from thermal ex-
pansion, and the partial population of excited electronic
states by thermal excitations. The second-order Doppler shift
(SOD) is given by

SOD(T) ~ ;;ZT[I + %(gﬂ. 3)

For 57Fe, the change in IS due to SOD is about
-0.0007 mm/s K.' The effect of change in the volume per
atom due to thermal expansion is generally quite small and

PHYSICAL REVIEW B 75, 144419 (2007)

5101
- W~ - A-site

1 8 —¥*— B-site
500 "N

490 1

480

HF field (kOe)

470

460

00 01 02 03 04 05
Cr concentration

FIG. 4. Magnitude of hyperfine fields at >'Fe nuclei at A and B
sites.

can be of either sign. The third reason for the change in the
isomer shift is the change in the electronic structure by ther-
mal excitations.”’ This may cause a change in the isomer
shift values of the order of ~0.0004 mm/s K in some cases.
The value obtained in an experiment is the cumulative effect
of all the three possible reasons. Since the difference be-
tween 20 K and RT is 280 K, the expected difference in IS
values (assuming the change in isomer shift due to SOD as
—0.0007 mm/s) is approximately 0.19 mm/s, which agrees
fairly well with the observed difference in IS values of about
0.15 mm/s. The difference between the two may be due to
the remaining terms.

The increase in IS values on replacement of all the Co
with Cr is about 0.05 mm/s at the B site at room tempera-
ture. As pointed out earlier, at low temperatures, the IS seems
to be insensitive to Cr content. The reason for this difference
at RT and 20 K can be explained in terms of the decreased
overlap between the >’Fe nucleus and the s-electron wave
function and hence an increase in IS due to some charge
transfer from 4s to 3d orbital. At low temperatures, the avail-
able thermal energy is not enough to facilitate such a charge
transfer.

Figure 4 shows the variation of hyperfine fields at A and B
sites (H, and Hyp) in the nanosized samples with increasing
Cr concentration at 20 K. The hyperfine fields at both crys-

TABLE 1. Hyperfine field (HF), area under curve, isomer shift (IS), and FWHM of sextets (I") obtained by fitting the Mdssbauer spectra

at 20 K of CrXCOO'S,xZnoerZOA;.

HF field Area 1S r
(kOe) (%) (mm/s) (mm/s)

Cr concentration
) A B A B A B A B
0.1 498.8+1.0 497x0.7 23.9+3.5 76x4.4 0.32+0.01 0.48+0.01 0.39+0.03 1.06x£0.02
0.2 492.6+2.4 492.8+1.4 23.8+4.2 76.2+5.3 0.33+0.04 0.48+0.02 0.57+0.04 1.1£0.02
0.3 476.9+1.2 486.3x1.1 22.5+£5.2 77.5£2.8 0.32+0.02 0.48+0.02 0.43+0.01 1.13+£0.007
0.4 477.1x1.4 476.9+0.8 234+5.3 76.6+2.1 0.32+0.02 0.47+0.01 0.45+0.02 1.02+0.01
0.5 460+2.2 465.4+0.8 26.5+5.5 73.4+2.4 0.32+0.03 0.46+0.01 0.54+0.01 1.16+0.02

4S values are with respect to metal iron.
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TABLE 1II. Cation distributions in spinel structure of

Cr,Cop5-,Zng sFe;0,.

X A site B site

0.0 Cro,0C0p,04Zn¢ 5Feg 46 Cro.0Cog 462109 oFe| 54
0.1 Crg.0C0g.02Zng sFep 43 Cry.1Cog 38Zng oFe) 52
0.2 Crg.0C0g.02Zng sFe 43 Cr2Cog28Zng gFe| 57
0.3 Crg.0C0 05210 5Fe 45 Cr3C0y.15Zng oFe 55
0.4 Crg.0C0g.03Zn0 5Fep 47 Cr4Cog g7Zng oFe| 53
0.5 Cry,0Cog,0Zng 47Feq 53 Cry.5C0g,0Zng g3Fe; 47

tallographic sites for sample with x=0.0 are almost equal and
are consistent with reported values.”! On increasing x, i.e., Cr
concentration, the hyperfine fields at both sites are seen to
decrease. Cr ions are known to have a strong preference for
the octahedral B site in ferrites. RT Mossbauer studies on the
same samples® have also clearly shown that in the present
series on substitution of Co with Cr, Cr goes into the octa-
hedral B sites. Estimate of the cation distribution in the
present series (Table II) has been made on the basis of area
occupied by Fe ions at A and B sites obtained from Moss-
bauer data. Since there are four cations involved, the relative
strength of preference of occupation of sites has been taken
into consideration while making this distribution. Accord-
ingly, Zn has been assigned to the tetrahedral A sites first and
Co is assigned to the tetrahedral site rather than Cr when
necessary, since Cr is known to have a stronger octahedral
site preference.

The crystal structure of ferrites plays a key role in deter-
mining their properties. Hence, the lattice constant a;, oxy-
gen parameter u, tetrahedral and octahedral bond lengths,
tetrahedral edge, and shared and unshared octahedral edges
for the series calculated theoretically from the cation distri-
bution would provide a better insight into the observed hy-
perfine parameters.

The mean ionic radius of tetrahedral A sites (r4) and of
the octahedral B sites (rg) can be calculated using the
expressions®>23

ra= {[1 - ()C + y)]rtetm Fet3 + Xlterrq Cot2 + Yierra Zn*z}’ (4)

1+ x4+ 9)]rper pers + (0.5 =X = 2)Frepry cor2
+ (05 - y)rtetra Znt2 + 2 oe; Cr+2}’ (5)

where x and y are the concentrations of Co*? and Zn*? ions at
tetrahedral A sites, respectively, and z is the concentration of
Cr*? ions at octahedral B sites. The theoretical lattice param-
eter a,,, given in Table III, calculated from the relation?*

ay = (8/3\3)[r4+ Ro] + \3[rs + Ro), (6)

where R, is the radius of oxygen ion, follows the same trend
as that obtained experimentally, supporting the estimated cat-
ion distribution.

Using the values of a,, R, and r, in the following ex-
pression, the value of the oxygen parameter u is calculated
(Table III) from the equation
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TABLE III. Calculated parameters: mean ionic radius of tetra-
hedral A sites (r4) and octahedral B sites (rp), theoretical lattice
constant a,,, and oxygen parameter u.

Oxygen
Cr parameter
concentration T4 rp A u
(x) (A) (A) (A) (A)
0.0 0.707 1.363 8.548 0.3965
0.1 0.706 1.376 8.569 0.3961
0.2 0.706 1.388 8.590 0.3957
0.3 0.7075 1.3985 8.611 0.3955
0.4 0.7065 1.4115 8.632 0.3951
0.5 0.7029 1.4271 8.652 0.3945

ra=(u- 1/4)ath\/§ -Ro. (7)

The tetrahedral and octahedral bond lengths (d,x and
dgy), tetrahedral edge (d,yg), and shared and unshared octa-
hedral edges (dgxr and dgygy) have also been calculated as

follows:25:26
-
dax=au\N3(u—1/4), (8)
dgx = ag[3u® — (11/4)u + 43/641", 9)
~
dAXE=ath\"2(2u— 1/2), (10)
dpxp= azh\‘E(l -2u), (11)
dpxpy = aglé4u® = 3u+ (11/16)]2. (12)

The calculated values, plotted in Fig. 5, show that with an
increase in Cr concentration, the tetrahedral bond length and
tetrahedral edge remain nearly a constant, the octahedral
bond length and shared octahedral edge increase, and the
unshared octahedral edge shows a very small increase. These
results point to the fact that the larger Cr ions replace Co ions
at the octahedral B site. The oxygen parameter u is a quan-
titative measure of the displacement of an oxygen ion due to
substitution of a metal cation into the tetrahedral (A) site. In
an ideal fcc structure, u=3/8=0.375. Although most ferrites
generally have u greater than this ideal value,' it is much
larger in the present series (Table III), implying that the oxy-
gen ions are displaced in such a way that in the A-B interac-
tion, the distance between A and O ions is increased while
that between B and O is decreased. This leads to a decrease
in the A-A interaction and an increase in the B-B interaction.

In ferrites, if the metal ions occupying the tetrahedral (A)
and octahedral (B) sites possess a magnetic moment, coop-
erative (ferrimagnetic) behavior is observed due to the anti-
ferromagnetic A-B superexchange interaction mediated by
oxygen ions. In general, since these interactions are indirect
and the nearest neighbors of cations at A sites are the cations
at B site and vice versa, the A-B superexchange is the stron-
gest one. The hyperfine magnetic field at the A/B sites is a
function of the cation distribution at the nearest neighbor
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FIG. 5. (a) Effect of Cr substitution on tetrahedral (d,y) and
octahedral (dgy) bond lengths. (b) Effect of Cr substitution on tet-
rahedral edge d,xg, shared dpyp, and unshared dpyg; octahedral
edge.

B/A sites. In nanosized Cr,Cogs_,Zn,sFe,O,, the magnetic
hyperfine fields at low temperatures at the A and B sites have
nearly the same values for all concentrations of Cr with a
consistent decrease in the value of hyperfine fields at both
sites with increasing Cr concentration. The hyperfine field at
the A site is due to the net magnetization of the nearest
neighbor B site through A-B superexchange and the very
weak A-A interaction. Since Cr moments order antiferromag-
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netically with the magnetic moments of Fe ions, substitution
of Cr into the B site reduces the magnetization at the B site.
Consequently, the hyperfine field at the A site decreases. The
two types of interactions responsible for the hyperfine fields
at the B sites are the A-B and B-B types. Table II shows that
the configuration of A sites does not change very much
across the series, and therefore, any change in the hyperfine
field at the B site cannot be explained in terms of a change in
configuration of the nearest neighbor. The next-nearest
neighbor to a B site cation is another B site cation, and so the
observed systematic decrease in the hyperfine field at the B
site with increase in Cr concentration is due to the B-B ex-
change interaction. Moreover, as observed, not only is the
trend of change in hyperfine field at B site the same as that at
A site, the change in actual intensities are also nearly the
same. This points to a stronger B-B interaction in this series
than is usual in most ferrites. The calculated value of the
oxygen parameter u, which is larger than its ideal value, also
supports this conclusion.

The trend of hyperfine fields at the A and B sites in the
bulk series of the same composition is very different from
that in the corresponding nanosamples. In the bulk samples,
Hp is smaller than H, and reduces drastically with increase
in Cr concentration. The value of H, remains nearly constant
with Cr content, contrary to the trend observed in
nanosamples where both H, and Hj are nearly equal and
both reduce at an almost equal rate on addition of Cr. The
trend of hyperfine fields at the A and B sites in bulk samples
has been explained in terms of quenching of the A-B
interaction,” whereas the A-B and B-B interaction together
contribute to the hyperfine fields in nanosamples.

In conclusion, low-temperature Mdossbauer studies on
nanosamples of Cr,Cogs_,Zn,sFe,0, corroborate the results
of RT Mossbauer measurements done on these samples and
show that Cr enters preferentially into the B site on substitu-
tion with Co. Theoretically calculated values of the lattice
parameter support the cation distribution estimated from fit-
ted Mossbauer parameters. The high value of the calculated
oxygen parameter u satisfactorily explains the observed
trends of magnetic hyperfine fields at the B site on Cr sub-
stitution.
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