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Magnetic behavior of Mg„Fe,Al…2O4: A Mossbauer study

S. C. Bhargava
Solid State Physics Division, Bhabha Atomic Research Centre, Bombay 400 094, India

~Received 1 December 1997!

Mossbauer study of the mixed ferrites MgFexAl22xO4 ~x50.75, 0.9!, in the concentration range in which
spin-glass ordering is predicted, has been made. A magnetic transition at temperature~25–40 K! much lower
thanTN , and anomalous behavior of the ionic magnetization related to this transition, is concluded to be due
to fluctuations between energy equivalent noncollinear spin configurations. The nature of spin ordering in the
oxide is comparable to the spin-glass ordering. Observable characteristics of spin-glass behavior are deduced.
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I. INTRODUCTION

The magnetic behavior of mixed ferrites with a high co
centration of diamagnetic ions shows a large number of c
acteristics which are not yet well understood. The prese
of diamagnetic ions on a sublattice has been found to re
in noncollinearity of spins on the adjacent sublattice, wh
increases with the concentration of the diamagnetic ions1–5

Due to the short-range nature of the magnetic interaction
oxides, the noncollinearity depends on the number of d
magnetic ions in the immediate neighborhood.3–5 At larger
concentration of the diamagnetic ions, the noncollinea
angle can be greater than 90°, which has been experimen
verified.6 In such a case, the noncollinear spin ordering of
sublattice is closer to the spin-glass ordering. It has bee
great interest to compare the magnetic behavior of s
mixed oxides with the high concentration of the diamagne
ions and canonical metallic spin glasses, to examine the
fects of the difference in the nature of magnetic interactio
in oxides and metallic systems on the spin-glass behavio

At higher concentration of the diamagnetic ions, Mos
bauer spectroscopy revealed an anomalous behavior o
temperature dependence of ionic magnetization.7–10 Subse-
quently, such an anomalous behavior of ionic magnetiza
was found in canonical metallic spin glass AuFe,11–14 other
oxides,15,16 and amorphous FexNi782xSi9B13 also.17 The be-
havior observed in the metallic systems and oxides, howe
differ significantly. In the case of the metallic systems, t
shape of the anomalous temperature dependence doe
change on application of an external magnetic field. In
ides, on the other hand, the anomaly in the temperature
pendence of̂SZ& decreases when an external field is appli
Even a small external field has been found to reduce
anomalous behavior7–10 appreciably. It is not clear if this
difference in the effect of the magnetic field is due to t
difference in the magnetic nature of oxides and metallic s
tems or if the origin of the anomaly in the two cases
different.

Finally, at high concentration of the diamagnetic ions,
perparamagnetic effects are necessarily present in insu
oxides due to the short-range nature of the magn
interactions.18

These properties of the mixed oxides have been ex
sively investigated using Mossbauer spectroscopy as we
PRB 580163-1829/98/58~6!/3240~9!/$15.00
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ac and dc magnetization measurements. The temperatur
pendence of the ac susceptibility of the mixed oxide show
cusp which is sharper when the concentration of the diam
netic ions is large. Field-cooled~FC! and zero-field-cooled
~ZFC! magnetizations show branching. The branching te
perature decreases as the external field increases.19–21 The
hysteresis loop of a mixed ferrite with a significant conce
tration of diamagnetic ions reveals a rapid increase in
coercive field with the decrease in temperature, at temp
tures lower than 30 K. However, these characteristics can
due to superparamagnetism or spin-glass ordering.22 The
presence of superparamagnetic clusters in mixed oxi
even when the particle size is large, makes it difficult
detect the spin-glass characteristics of oxides unambiguo
using these macroscopic methods. This is not the cas
metallic substances, which do not show superparamagn
effects when the particle size is large. Superparamagnet
therefore, does not prevent the observation of spin-g
characteristics in metallic substances using these ma
scopic methods.

Mossbauer spectroscopy, on the other hand, can dis
guish spin-glass and superparamagnetic effects in oxi
and is, therefore, useful in the study of spin-glass phenom
in oxides. Earlier studies using this method have already
vealed several other phenomena in mixed oxides. T
showed the presence of ionic spin-relaxation effects,
anomalous temperature dependence of^SZ&, and the noncol-
linearity of spins which has been found to decrease rap
with the increase in temperature and vanish below the liqu
nitrogen temperature, even if the magnetic transition te
perature is much higher.7–10,15,16The shapes of the Moss
bauer spectra are, however, quite complex due to
presence of dynamical effects. Single-ion spin-relaxation
fects are found in the spectra of all mixed ferrites, even
low temperatures. At higher temperatures, below magn
ordering temperature, superparamagnetic fluctuations ap
which lead to the collapse of magnetic splitting below t
magnetic transition temperature. At higher temperatu
spin-lattice relaxation also becomes important, which is
dependent of magnetic ordering of any kind.23,24 It is, there-
fore, necessary to analyze the Mossbauer spectra taking
consideration these fluctuation effects.

In the present study, mixed ferrites with a high concent
tions of diamagnetic ions, which are expected to show sp
3240 © 1998 The American Physical Society
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TABLE I. Results of the analysis of Mossbauer spectrum of MgFe0.9Al1.1O4 at the ambient temperature

Component 1~B site! Component 2~A site!

QS ~mm/s! CSa G ~mm/s! RI ~%! QS ~mm/s! CSa G ~mm/s! RI ~%!

0.81 0.26 0.39 41 0.45 0.24 0.39 59

aCenter shift relative to Fe metal in mm/s.
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glass ordering22 as well as other complicated magnetic ph
nomena mentioned above, are studied using Mossb
spectroscopy. It was predicted22 that MgFexAl22xO4 with x
,1.0 would be a spin glass. In the present study, the ox
with x50.9 and 0.75 have been investigated using Mo
bauer spectroscopy. The measurements are made in zer
ternal field when features characterizing spin-glass beha
are not smeared. The composition has only one type of m
netic ion (Fe31) only, which has negligible single-ion aniso
ropy. The spin-glass properties are, therefore, exclusiv
due to the dilutions of the magnetic ions on the two sit
The spectra are analyzed accurately by taking into consi
ation the presence of relaxation effects. The effects of v
ous phenomena mentioned above are thus determined
earlier study of these two oxides21 showed that the tempera
ture dependences of ZFC and FC magnetizations do
overlap below a temperature. In the case ofx50.9, this
branching temperature was found to lower significantly w
an increase in the applied field. Such behavior was show
be due to superparamagnetism.21 The remnant magnetizatio
and coercivity showed a large increase at temperatures lo
than 25 K. Above this temperature the coercivity is 10 O
These features were attributed to the spin-glass orderin
the single domain magnetic clusters present in these ma
als. The dc magnetization does not attain saturation up to
magnetic-field strength of 1.5 T even at 75 K, where
coercivity is quite small.21 This shows the presence of no
collinearity of moments in this oxide withx50.9. In the
other composition, noncollinearity is expected to be m
prominent, due to a larger concentration of diamagnetic io

II. EXPERIMENTAL

The oxides were prepared using the conventional cera
procedure. The desired ratios of the component oxides w
thoroughly mixed under alcohol and calcined at 900 °C. T
final sintering was done at 1200 °C for 20 h. X-ray ana
ses showed the presence of single-phase spinel structu
both compositions.

Mossbauer spectra are obtained using a cryogenic s
described elsewhere.25 Co57 in Rh is used as the Mossbau
source. A sine wave is used to drive the spectrometer.
linearization of the spectral velocity scale is done after ana
ses, for the purpose of presentation only. Both ends of
long drive rod are used to record spectra. One end of the
carries the source for obtaining calibration spectra using
Fe foil, kept outside the cryostat. The other end of the sou
carries a stronger source for obtaining the spectra of the
ide under study, inside the cryostat. The two spectra are
tained simultaneously using PC. The widths of the inn
lines in the calibration spectrum are'0.23 mm/s. The tem-
perature is measured using calibrated carbon glass se
-
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and controlled to60.1° using an oxford temperature contro
ler ~ITC 4!.

III. ANALYSES OF EXPERIMENTAL SPECTRA
AND RESULTS

Mossbauer paramagnetic spectra at the ambient temp
ture are fitted with two symmetric doublets. The center sh
~CS! and the quadrupole splittings~QS! of the two doublets
are given in Table I. Fe is, thus, found to be in a high-sp
Fe31 state at both sites in the two oxides. Using an ear
result26 that CS(A),CS(B), and QS(A),QS(B), the com-
ponents corresponding to the two sites can be identifi
Thus, Fe is found to preferA sites in both cases.

At lower temperatures, magnetic splitting is observed.
4.2 K, two magnetic component spectra are visible.
higher temperatures, the two magnetic components show
presence of relaxation effects. In addition, a paramagn
component appears at higher temperatures, which grow
intensity with temperature~Figs. 1 and 2!. We, therefore, fit
the experimental spectra with a sum of two magnetic co
ponent spectra, including the presence of dynamical effe
and a paramagnetic doublet, using the least-squares fit
cedure. The magnetic spectrum is calculated using the
chastic model of ionic spin relaxation.27,28

A. Ionic spin relaxation

The line shape due to single-ion spin relaxation is giv
by a simple relation when the ionic Zeeman splitting is lar
in comparison to the hyperfine splitting, as is the case
magnetic materials. In this case, each of the six nuclear t
sitions contributes independently to the Mossbauer l
shape. The spectral shape of each of the six nuclear trans
can be calculated separately and then added with pro
weight factors. The spectral shape corresponding to a g
nuclear transition is given by28

I ~w!5~2/G!Re (
a51

6

iqa /~w2pa!. ~1!

Here, the summation is over the six ionic states of the F31

ion. G is the linewidth in the absence of relaxation effects.pa
are the eigenvalues of the (636) matrix P with elements

Pmm85~wm21/2 iG!dmm81 iWmm8 . ~2!

where,\wm is the nuclear transition energy when the ion
in the electronic stateum&. Wmm8 is the transition probability
rate for the transition fromum& to um8& ionic spin states.

The amplitudeqa5aa1 iba in Eq. ~1! is calculated from
eigenvectors ofP:
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qa5 (
m,t51

6

NmTmaTat
21, ~3!

whereNm is the thermal population of the electronic levelm.
T is the 636 matrix composed of the eigenvectorsTmt of P,
i.e.,

T21PT5D, ~4!

whereD is a diagonal matrix containing the eigenvaluespa
of P.

B. Computation of spectral shapes

The parameters which enter in the computation of rel
ation spectra and the procedure of their evaluation are
scribed here.

FIG. 1. ~a! and ~b!. Mossbauer spectra of MgFe0.9Al1.1O4. The
theoretical spectra which fit best these spectra are shown by
lines. The component spectra are shown by dotted lines.
-
e-

~1! The ratio of thermal populations of successive ion
levels, split by Zeeman interaction, is denoted bys. Thus, the
thermal populationsNm of successive levels can be writte
as 1,s,s2,s3, etc. The thermal average ofSz can be calculated
usings:

^Sz~T!&5
2.511.5s10.5s220.5s321.5s422.5s5

11s1s21s31s41s5
.

~2! The hyperfine magnetic fieldH int(T) is proportional to
^Sz(T)&. The hyperfine field at lowest temperature is used

lid

FIG. 2. ~a! and~b!. Mossbauer spectra of MgFe0.75Al1.25O4. The
theoretical spectra which fit best these spectra are shown by
lines. The component spectra are shown by dotted lines.
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determine the proportionality constant. At low temperatu
u5/2& is populated and the lines are narrow. A fit to such
spectrum provides a hyperfine field corresponding tou5/2&
and provides the proportionality constant. This field cor
sponding to u5/2& is also the saturation hyperfine field
H int(0).

~3! At low temperatures, the line broadening due to rela
ation is negligible. Consequently,G and the relative line in-
tensities of the three pairs of lines in a sextet are obtained
fitting the spectrum at 4.2 K.

~4! The relaxation matrix with elementsWmm8 , which de-
scribe the relaxation frequencies between various ionic
els, depends on the relaxation process. A detailed discus
of various relaxation processes and the associated relax
frequencies can be found elsewhere.24,28 At low tempera-
tures, spin-lattice relaxation can be neglected.28 Only spin-
spin relaxation is taken into consideration. The rate of fl
ping betweenu5/2&2u3/2&, u3/2&2u1/2&, and u1/2&2u21/2&
ionic levels due to spin-spin relaxation are 5V, 8V, and 9V,
respectively.24,28The relaxation time~RT! is related24,28to V
by the relation RT5@7(11s)V#21.

C. Results

H int(0), G, electric quadrupole shifts, relative line inte
sities of the three pairs of lines in a sextet, and the rela
intensities of the two sextets are obtained by fitting the sp
tra at 4.2 K. These parameters are fixed while fitting
spectra at higher temperatures. Thus, onlys, V, and center
shifts are treated as variable parameters in fitting spectr
higher temperatures. The fit of the experimental data with
computed spectra is shown in Figs. 1 and 2. The result
the analyses are given in Tables II and III. The temperat
dependence of the relaxation time of ions at theA site in the
composition withx50.75 is shown in Fig. 3. A change oc
curs in the temperature interval 25–30 K.

1. Cation distribution

It was found in earlier investigations26 that CS(A)
,CS(B), H int(A),H int(B), and QS(A),QS(B). The cat-

TABLE II. Results of analyses of Mossbauer spectra
MgFe0.9Al1.1O4 at low temperatures.H int(A)5474.9 kG,H int(B)
5515.8 kG, G16:G25:G3450.33:0.32:0.31 (mm/s), I 16:I 25:I 34

53.00:2.00:1.00, QS(M )A50.02 mm/s, QS(M )B50.03 mm/s,
Relative intensity ofA:relative intensity ofB50.61:0.39.

Temperature
~K!

Component 1
A site

Component 2
B site Component 3

paramagnetic
RI ~%!^Sz& RT~ns! ^Sz& RT~ns!

4.2 2.41 14.75 2.41 4.8 0
10.0 2.23 9.2 2.33 3.3 0
32.0 1.71 7.8 2.14 2.2 0
56.0 1.47 6.3 2.03 1.7 0.6
66.0 1.45 4.6 1.99 1.5 2.2
95.0 1.21 2.7 1.84 1.2 3.75

130.0 1.02 1.4 1.63 1.0 10.0
140.0 0.97 1.1 1.55 0.9 15.0
150.0 0.93 1.1 1.46 0.9 18.8
,
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ion distribution in MgAl2O4 is ~Mg!@Al2#O4.
29 Here,~ ! and

@ # denote ions at theA and B sites, respectively. Thus
Al is known to prefer B sites. MgFe2O4 is nearly
inverse. The cation distribution is found30 to be
~Mg0.04Fe0.96!@Mg0.96Fe1.04#O4. Thus, Mg too has a prefer
ence for theB site. Based on these known facts, the cat
distribution inferred in the oxides under study are

„Fe0.49~Mg,Al!0.51…@Fe0.26~Mg,Al!1.74#O4 for x50.75,

„Fe0.55~Mg,Al!0.45…@Fe0.35~Mg,Al!1.65#O4 for x50.90.

Referring to Fig. 8 of Ref. 22,

CA50.49, CB50.13, whenx50.75,

CA50.55, CB50.175, whenx50.9.

f TABLE III. Results of analyses of Mossbauer spectra
MgFe0.75Al1.25O4 at low temperatures.H int(A)5466.3 kG,H int(B)
5524.7 kG, G16:G25:G3450.35:0.33:0.31 (mm/s), I 16:I 25:I 34

53.00:2.00:1.00, QS(M )A50.01 mm/s, QS(M )B50.02 mm/s,
Relative intensity ofA: relative intensity ofB50.65:0.35.

Temperature
~K!

Component 1
A site

Component 2
B site

Component 3
paramagnetic

^Sz& RT~ns! ^Sz& RT~ns! QS(P) CSa RI ~%!

4.2 2.36 13.2 2.32 0.8
10.0 2.13 7.2 2.20 1.0
16.0 1.52 4.2 2.00 1.3
22.0 0.74 2.1 1.65 2.2
30.0 0.58 1.4 1.50 1.6 0.36 0.09 25
38.0 0.64 1.6 1.47 1.5 0.35 0.085 37
46.0 0.69 1.6 1.40 2.0 0.34 0.09 40
62.0 1.01 1.05 1.53 1.2 0.34 0.08 55
80.0 1.14 0.7 1.57 1.0 0.33 0.09 68

100.0 1.20 0.3 1.51 0.4 0.33 0.09 83

aCenter shift relative to Fe metal in mm/s.

FIG. 3. Temperature dependence of the relaxation time~RT! of
Fe ions atA sites in MgFe0.75Al1.25O4.
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The first composition (x50.75) lies very close to the line
separating the spin-glass~SG! and localized canted stat
~LCS! regions.22 The second composition (x50.9) lies in the
LCS region.22 We, therefore, expect to study the charact
istics of the two regions in the present study.

2. Néel temperature

It was found earlier26 that TN decreases linearly as th
concentration of Fe in MgFexAl22xO4 decreases. The rate
'35° for a change inx by 0.1. We, thus, estimate the tra
sition temperature of the compositions withx50.9 andx
50.75 to be 291 and 239 K, respectively. This decreas
TN with x is not expected to be linear at larger values ox
also, but this estimate serves as a guide.

The conversion of the magnetic into the paramagn
spectrum occurs atTN in the absence of superparama
netism. In the oxides under study, however, superparam
netic effects are present, due to the large concentration o
diamagnetic ions. The conversion of the magnetic into
paramagnetic spectrum, therefore, occurs at tempera
well below TN ~Figs. 4 and 5!. Thus, the intensity of the
magnetic component is found to become zero at 115 K~Fig.
5! for x50.75. The temperature dependence of^SZ& indi-
cates that the transition temperature is higher than 11
~Fig. 6!. The difference between the temperature at which
magnetic component disappears due to superparamagn
andTN is expected to increase with the concentration of
diamagnetic ions. It is, therefore, not possible to determ
the Néel temperatures of such oxides using Mossbauer s
troscopy.

3. Ionic magnetization and noncollinear spin structure

Mossbauer spectroscopy enables the determination
^SZ& of Fe ions. The most interesting finding of the prese
study is the anomalous temperature dependences of th
ionic moments at the two sites in these oxides~Figs. 6 and
7!. The anomalous behavior is different at the two sites in

FIG. 4. Temperature dependence of the relative intensity of
paramagnetic component in the spectrum of MgFe0.9Al1.1O4.
-
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lattice. The ions on the sublatticeA, which are expected to
show larger noncollinearity, show more abnormal behav
than the ions on sublatticeB.

The result forx50.75 shows another remarkable chara
teristic. The magnetization decreases sharply initially as
temperature increases up to 30 K and then rises before fin
decreasing again~Fig. 6!. It is interesting to note that the FC
and ZFC magnetizations for this composition show a pea
35 and 25 K, in the presence of 50 and 1000 Oe, respecti
~Fig. 8!. The branching temperature of FC and ZFC mag
tizations also lie in this temperature range, and decrease
the field increases. As mentioned above, the temperature
pendence of the relaxation time also shows a change
25–30 K ~Fig. 3!.

IV. DISCUSSION

The substitution of magnetic ions by diamagnetic catio
on a sublattice in a ferrite results in the splitting of the neig
boring sublattice into noncollinear sublattices.1–5 The
Yafet-Kittel1 model of the noncollinear spin structure of fe

e

FIG. 5. Temperature dependence of the relative intensity of
paramagnetic component in the spectrum of MgFe0.75Al1.25O4.

FIG. 6. Temperature dependences of^SZ& of Fe ions atA andB
sites in MgFe0.75Al1.25O4.
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rites does not take into consideration the variation in
magnetic interactions from site to site on a sublattice.
stead, the two sublattices are assumed to be magneti
homogeneous. Furthermore, noncollinearity with respec
the direction of net magnetization alone is taken into cons
eration. It can, therefore, be described as a two-dimensi
~2D! model. In this model, theA andB sublattices are sub
divided into two (A1,2) and four subsublattices (B1,2,3,4) such
that intrasub-sublattice interactions are much weaker t
other interactions.1,2 Consequently, spins on any of the s
sublattices mentioned above have no tendency to orient a
angle with respect to each other, but can make angles
respect to ions on other sublattices. The condition for
appearance of noncollinearity onB or A sublattices are2

FIG. 7. Temperature dependences of^SZ& of Fe ions atA andB
sites in MgFe0.9Al1.1O4.

FIG. 8. Temperature dependences of FC and ZFC magne
tions of MgFe0.75Al1.25O4.
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HExt5lABmA1lB8B9mB ~5!

or

HExt5lABmB1lA8A9mA , ~6!

respectively~Fig. 9!. Here,HExt is an external magnetic field
and l i j 5(2Ji j ni j /g2mB

2). The magnetic energy does no
change ifB1 and B3 as well asB2 and B4 are treated as
collinear.2 Thus, theA or B sublattice splits into two sublat
tices as a result of noncollinearity. It is, thus seen that n
collinearity on a sublattice appears when the intrasublat
interaction becomes greater than the intersublattice inte
tion ~Fig. 9!. As a result of the assumption of the magne
homogeneity of a sublattice, the Yafet-Kittel~YK ! model
predicts that the noncollinearity appears at one of the sub
tices ~A or B! only.

The assumption of homogeneity of a sublattice made
the Yafet-Kittel model is, however, not justified, due to th
short-range nature of the magnetic interactions in the oxi
and the random distribution of the diamagnetic ions on
sublattice. There are two effects of relaxing this assumpt
Firstly, the noncollinearity can appear on both sublattic
simultaneously. This has been found experimenta
earlier.15,16,26 This is very likely in the oxides under stud
also, because the diamagnetic substitution is large on b
the sublattices. Secondly, there is a variation of noncolline
ity from site to site. When the concentration of the diama
netic ions on a sublattice is large, some ions on the ne
boring sublattice have noncollinearity angles greater than
also. Such ions are said to have suffered spin reversal.6 In
oxides with such a large concentration of the diamagn
ions, we can talk of spin orientations resembling spin gla
Finally, it should be pointed out that the Yafet-Kittel mod
considers noncollinearity with respect to the direction of t
net magnetization~z direction! only.1,2 The spin orientation
f in the XY plane is not considered, which is also expect
to differ from site to site.19,20
a-

FIG. 9. Schematic representation of noncollinearity onB sublat-
tice, represented by Eq.~5!. Similar representation of noncollinear
ity at A sublattice, represented by Eq.~6!, can be drawn.
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A. Superparamagnetism

Superparamagnetism is observed when the size of
magnetic particle is small~,200 Å!. In this case, the mag
netization of the single-domain magnetic particle fluctua
among the directions of the easy magnetization. In prese
of uniaxial anisotropy, the magnetization fluctuates amo
the two directions of easy magnetization with the frequen

VSPM5V0exp~2KV/kT!. ~7!

Here, V0'109 Hz, K is the anisotropy energy per un
volume, andV is the volume of the single-domain magne
particle. In the oxide under study, the physical size of
particle is not small. However, the presence of a large c
centration of the diamagnetic cations in the oxide necessa
results in the formation of small magnetic clusters inside
particles, which show superparamagnetism. When the c
centration of the diamagnetic ions is large, these clusters
get fully isolated. In this case,VSPM is larger than nuclea
precession frequency even at low temperatures. This re
in a paramagnetic Mossbauer spectrum, even though
inside the cluster are magnetically ordered. At higher c
centrations of the magnetic ions, these clusters get couple
each other through one or two exchange bonds. At low te
peratures, these clusters order like spins in a spin glass.
system has been described as a cluster spin glass. At h
temperatures, when the thermal energy becomes compa
to the coupling between the clusters, the long-range orde
of clusters break down. Thus, the clusters independently
form superparamagnetic fluctuations at higher temperatu
It was shown in an earlier Mossbauer study that a peak in
temperature dependence of ac susceptibility of such a fe
appears in the temperature range in which the weak coup
between clusters becomes comparable to the the
energy.18 In the present study also, ac susceptibility
MgFexAl22xO4, x50.9, shows21 a broad peak at 150 K, an
Mossbauer spectroscopy shows a rapid increase in the
tive intensity of the paramagnetic component above 100
~Fig. 4!. Thus, in the present study also, the peak in the
susceptibility is found to be due to breaking of long-ran
ordering of clusters into independent superparamagn
clusters as the temperature is increased.

The presence of superparamagnetic fluctuations in M
bauer spectroscopy is shown by the appearance of a p
magnetic doublet whose intensity increases w
temperature.18 For discussing the temperature dependenc
the relative intensity of the paramagnetic component, we
write Eq. ~7! as

V52~kT/K !ln@VSPM/V0#. ~8!

When VSPM becomes greater than 109 Hz, the magnetic
splitting in Mossbauer spectrum disappears. We denote
corresponding volume at temperatureT as VC(T). Ions in
clusters smaller thanVC(T) do not give a magnetic spli
spectrum atT. VC(T) is larger at higherT. If T0 denotes the
temperature at which all the clusters contribute to the pa
magnetic spectrum only, the largest size of the clus
present can be concluded to beVC(T0). If K is independent
of T, and clusters of all sizes up toVC(T0) are equally prob-
able ~uniform cluster size distribution!, the intensity of the
he
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doublet, which results from superparamagnetic fluctuatio
is proportional31 to T. This is found to be the case whenx
50.75 ~Fig. 5!. It is also remarkable that the line pass
through 0 K, and the conversion to the paramagnetic com
nent is complete at 120 K, implying that the sizes of t
clusters are smaller thanVC ~120 K!. In the case ofx50.9,
on the other hand, the doublet appears at temperatures h
than 60 K, and the rate of conversion~Fig. 4! increases with
temperature in the temperature range up to 150 K. We h
not made measurements at higher temperatures, althou
sigmoidal variation in the intensity of the doublet with tem
perature is indicated.

The present study, thus, shows that in the composi
which lies on the line separating the SG and LCS region22

the sizes of the clusters present is smaller, and the par
size distribution is uniform. On the other hand, in the co
position with x50.9, which lies in the LCS region22 of the
composition, the average size of the clusters present is r
tively greater, and the size distribution is not uniform, b
log normal.

B. The anomalous temperature dependence of magnetization

When the concentration of the magnetic ions in a ferr
is large, the temperature dependence of^SZ& follows the
Brioullin curve. As the concentration of the diamagne
ions increases, anomalous behavior of^SZ& is found.7–10,15,16

It is found using Mossbauer spectroscopy that^SZ& decreases
rapidly initially as the temperature increases until a tempe
tureTYK . At higher temperatures (T.TYK), the decrease in
^SZ& with the increase in temperature becomes much slow
TYK is found to coincide with the temperature at which t
noncollinear spin structure is found to convert into the fer
magnetic spin structure.7–10,15,16Thus, the temperature de
pendence of̂SZ& determined using Mossbauer spectrosco
can give an indication of the presence of noncollinearity. T
results obtained in the present study show that the anoma
behavior of magnetization appears at both sublattices, im
ing noncollinearity exists at both sublattices, as expected.15,16

Furthermore, the anomaly is found to be larger at theA site.
As the noncollinearity is expected to be larger at theA site,
the present study shows that the anomaly is proportiona
the noncollinearity. The difference in anomaly at the tw
sites also shows that a collective fluctuation like superpa
magnetism cannot be responsible for the anomaly, becau
will affect both sites equally.

In earlier studies,7–10 the anomaly was found to decrea
as the external field increases. The change is large even w
the applied field is small.

The results obtained7–10 for MgFe0.9Al1.1O4 and
Ni0.25Zn0.75FeO4, which belong to the LCS class of oxides,22

show that^SZ& decreases rapidly with an increase in te
perature up to 40 K, and then slowly above 40 K. On t
other hand, in the case of MgFe0.75Al1.25O4, which lies on the
boundary between the spin-glass and LCS class of oxide22

^SZ& decreases sharply up to 30 K, and then increases a
in the region from 30 to 60 K, before finally decreasing aga
with the increase in temperature. In the following, we pr
vide an explanation of this anomaly.

In spin glasses, there are several energy minima, re
senting differing spin configurations, in which the syste
can settle on lowering the temperature. The system settle
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one of these configurations@Fig. 10~a!# at low temperatures
These minima are separated by barriers. We speculate o
configurations corresponding to these energy minima and
energy barriers which separate them in the present sys
We assume, for the purpose of the present discussion,
the noncollinearity can be described by the YK model, a
appears on theB sublattice only. In the formation of the
noncollinear spin structure, ions on the sublattice split i
two noncollinear sublatticesB8 and B9, oriented at angles
1a and2a to the direction of magnetization of the adjace
sublattice@Fig. 11~a!#, respectively. An equivalent configu
ration is obtained if sublatticesB8 and B9 are oriented at
angles2a and 1a, respectively@Fig. 11~b!#. The barrier
which separates these two equivalent configurations, s
matically shown in Fig. 10~b!, can be estimated as follows
As can be seen from Fig. 9, the difference in the energie
a B-site ion in the two cases, in which the noncollinear
angle isa and zero~Néel’s collinear spin arrangement!, is
given by

DE5lB8B9~12cosa!~mB8!
2. ~9!

For the noncollinearity angle of an ion to change froma
to 2a, the Weiss field acting on the ion must change
direction froma to 2a. This implies that the orientations o
all the ions, responsible for the Weiss field, must change s

FIG. 10. ~a! The free energy of a spin glass in various sp
configurations in which the system can settle on lowering the t
perature. When the oxide consists of clusters with weak inte
tions, there are various spin configurations in which the system
settle at low temperatures as explained in the text. The energy o
whole system resembles the energy of a spin glass, consisti
large number of minima and barriers between them.~b! Schematic
representation of the change in energy due to interchange of o
tations of magnetizations of the two sublattices with respect to
direction of net magnetization, in the Yafet-Kittel model of nonco
linear spin structure. The two equivalent spin configurations rep
sented in Fig. 11 are represented asa and b. The barrier between
these configurations decrease as the size of the cluster decrea

FIG. 11. ~a! and ~b!. Schematic representation of the tw
equivalent orientations of the twoB sublattices. When the therma
energy is greater than the barrier between these configurat
there is fast fluctuation between these equivalent configuration
the
he
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at
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~from a to 2a or vice versa! simultaneously. The barrier to
this change is obtained by summing Eq.~9! over all the ions
in the cluster:

E5S 1
2 lB8B9~12cosa!~mB8!

2. ~10!

When the thermal energy is greater than this barrier,
flip of the cluster magnetization becomes possible. If
cluster size is small, so that the number of ions required
flip simultaneously is small, the barrier is small. As the th
mal energy becomes greater than the height of the bar
the fluctuations between2a and1a orientations of the ions
increase. When the time for which a particular noncolline
ion stays in its orientation is shorter than the nuclear prec
sion period, we observêSZ&cos 2a, instead of^SZ&. The
two configurations differ in the orientations of only thos
ions which are noncollinear, and the effect observed is p
portional to the noncollinearity anglea. This is in agreement
with the experimental results, as mentioned above. It is, th
a collective fluctuation like superparamagnetism. In sup
paramagnetism, the magnetization of all ions flips betwe
up and down directions. In the model proposed here,
moments of all the ions in the cluster flip from1a to 2a or
2a to 1a directions with respect to the lattice magnetizati
~Fig. 11!. Such fluctuations, like superparamagnetism, c
also give a peak in ac susceptibility.

As emphasized earlier, the Yafet-Kittel model of nonco
linear spin structure is a simplified two-dimensional mod
In reality, the energy of a magnetic ion depends on its o
entation anglesa as well asF. Here, a is the angle with
respect to the net magnetization,z direction, andF is the
angle in theXY plane. The fluctuation of the spins inside th
cluster can be between any two equivalent configurations
even between two configurations which differ in energy a
are separated by a barrier, provided the thermal energ
enough to cause the magnetization to jump the barrier.
the temperature increases, the rate of fluctuation increa
which reduceŝ SZ& to ^SZ&cos 2a, where 2a is the angle
between the two spin directions between which the fluct
tion occurs. Subsequently, the temperature dependenc
due to the temperature dependences of^SZ& and a only.
Thus, ifa decreases rapidly and the change in^SZ& is slower
in a temperature range,^SZ&cos 2a can show an increase, a
is observed in the composition withx50.75. The application
of an external field reduces the fluctuation rate and, th
reduces the anomaly in̂SZ&.

The large number of clusters in a particle, and the po
bility of their occurring in different spin orientations, as e
plained above, makes the system resemble a spin glas
low temperatures, the system settles in one of the poss
configurations. As the temperature increases, fluctuations
tween different configurations start, as explained above. T
gives the anomaly in the temperature dependence of^SZ&.

At higher temperatures, superparamagnetic fluctuati
start. Ions inside smaller clusters are affected initially. Th
give a paramagnetic spectrum and stop contributing
^SZ&cos 2a, which is obtained from magnetic spectra. If,
a result, the average of cos 2a increases, we can see a sm
increase in̂ SZ&cos 2a with an increase in temperature, if th
change in^SZ& is small in this temperature range. In th
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composition withx50.75, superparamagnetic effects are o
servable at lower temperatures. It can, therefore, af
^SZ&cos 2a at lower temperatures. In the composition wi
x50.9, on the other hand, superparamagnetic effects
confined to a higher temperature range only~.100 K!. It,
therefore, does not affect^SZ&cos 2a at lower temperatures

V. CONCLUSIONS

Diamagnetically substituted ferrites in the concentrat
range in which spin-glass ordering is expected22 have been
wa

ic

ys

, J

te
-
ct

re

n

investigated using Mossbauer spectroscopy. Anomalous
havior of the ionic magnetization at low temperatures is c
cluded to be due to fluctuations between equivalent non
linear spin configurations of the cluster. Such fluctuations
possible when the size of the cluster is small. The nature
spin ordering in the oxide is compared with the spin-gla
ordering. At higher temperatures, superparamagnetic eff
are present. In MgFe0.75Al1.25O4, the cluster size distribution
is found to be uniform. This may be the characteristic feat
of an oxide spin glass.
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