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Magnetic behavior of Mg(Fe,Al),O,: A Mossbauer study
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Mossbauer study of the mixed ferrites MgR&,_,O, (x=0.75, 0.9, in the concentration range in which
spin-glass ordering is predicted, has been made. A magnetic transition at tempg%a46 K much lower
thanTy, 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.
[S0163-182608)01330-1

[. INTRODUCTION ac and dc magnetization measurements. The temperature de-
pendence of the ac susceptibility of the mixed oxide shows a

The magnetic behavior of mixed ferrites with a high con-cusp which is sharper when the concentration of the diamag-
centration of diamagnetic ions shows a large number of chametic ions is large. Field-cooled-C) and zero-field-cooled
acteristics which are not yet well understood. The presenc€&ZFC) magnetizations show branching. The branching tem-
of diamagnetic ions on a sublattice has been found to resufierature decreases as the external field incréds&sThe
in noncollinearity of spins on the adjacent sublattice, whichhysteresis loop of a mixed ferrite with a significant concen-
increases with the concentration of the diamagnetic tons. tration of diamagnetic ions reveals a rapid increase in the
Due to the short-range nature of the magnetic interactions inoercive field with the decrease in temperature, at tempera-
oxides, the noncollinearity depends on the number of diatures lower than 30 K. However, these characteristics can be
magnetic ions in the immediate neighborhdotl At larger  due to superparamagnetism or spin-glass ordéfirighe
concentration of the diamagnetic ions, the noncollinearitypresence of superparamagnetic clusters in mixed oxides,
angle can be greater than 90°, which has been experimentalgven when the particle size is large, makes it difficult to
verified® In such a case, the noncollinear spin ordering of thedetect the spin-glass characteristics of oxides unambiguously
sublattice is closer to the spin-glass ordering. It has been afsing these macroscopic methods. This is not the case in
great interest to compare the magnetic behavior of suckmetallic substances, which do not show superparamagnetic
mixed oxides with the high concentration of the diamagneticeffects when the particle size is large. Superparamagnetism,
ions and canonical metallic spin glasses, to examine the etherefore, does not prevent the observation of spin-glass
fects of the difference in the nature of magnetic interactionsharacteristics in metallic substances using these macro-
in oxides and metallic systems on the spin-glass behavior. scopic methods.

At higher concentration of the diamagnetic ions, Moss- Mossbauer spectroscopy, on the other hand, can distin-
bauer spectroscopy revealed an anomalous behavior of tlgeiish spin-glass and superparamagnetic effects in oxides,
temperature dependence of ionic magnetizatidf.Subse- and is, therefore, useful in the study of spin-glass phenomena
guently, such an anomalous behavior of ionic magnetizatioin oxides. Earlier studies using this method have already re-
was found in canonical metallic spin glass Aufe!®other  vealed several other phenomena in mixed oxides. They
oxides!®® and amorphous EMi;g_,SioB;3 alsol’ The be- showed the presence of ionic spin-relaxation effects, the
havior observed in the metallic systems and oxides, howevegnomalous temperature dependencéSp}, and the noncol-
differ significantly. In the case of the metallic systems, thelinearity of spins which has been found to decrease rapidly
shape of the anomalous temperature dependence does mdgth the increase in temperature and vanish below the liquid-
change on application of an external magnetic field. In ox-hitrogen temperature, even if the magnetic transition tem-
ides, on the other hand, the anomaly in the temperature dgerature is much highér®*®®The shapes of the Moss-
pendence ofS;) decreases when an external field is appliedbauer spectra are, however, quite complex due to the
Even a small external field has been found to reduce theresence of dynamical effects. Single-ion spin-relaxation ef-
anomalous behavi6r® appreciably. It is not clear if this fects are found in the spectra of all mixed ferrites, even at
difference in the effect of the magnetic field is due to thelow temperatures. At higher temperatures, below magnetic
difference in the magnetic nature of oxides and metallic syserdering temperature, superparamagnetic fluctuations appear
tems or if the origin of the anomaly in the two cases iswhich lead to the collapse of magnetic splitting below the
different. magnetic transition temperature. At higher temperatures,

Finally, at high concentration of the diamagnetic ions, su-spin-lattice relaxation also becomes important, which is in-
perparamagnetic effects are necessarily present in insulatdependent of magnetic ordering of any kifid” It is, there-
oxides due to the short-range nature of the magnetifore, necessary to analyze the Mossbauer spectra taking into
interactions'® consideration these fluctuation effects.

These properties of the mixed oxides have been exten- In the present study, mixed ferrites with a high concentra-
sively investigated using Mossbauer spectroscopy as well a®ns of diamagnetic ions, which are expected to show spin-
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TABLE |. Results of the analysis of Mossbauer spectrum of MgRé, 0, at the ambient temperature.

Component 1B site) Component ZA site)

QS (mm/s cs I' (mm/9 RI (%) QS (mm/sg cs I' (mm/g RI (%)
0.81 0.26 0.39 41 0.45 0.24 0.39 59

8Center shift relative to Fe metal in mm/s.

glass orderintf as well as other complicated magnetic phe-and controlled ta+0.1° using an oxford temperature control-
nomena mentioned above, are studied using Mossbaudar (ITC 4).

spectroscopy. It was predictédhat MgFgAl,_,O, with x

< 1.0 would be a spin glass. In the present study, the oxides
with x=0.9 and 0.75 have been investigated using Moss-
bauer spectroscopy. The measurements are made in zero ex-
ternal field when features characterizing spin-glass behavior Mossbauer paramagnetic spectra at the ambient tempera-
are not smeared. The composition has only one type of magdure are fitted with two symmetric doublets. The center shifts
netic ion (F€") only, which has negligible single-ion anisot- (CS) and the quadrupole splitting®$9) of the two doublets
ropy. The spin-glass properties are, therefore, exclusivelare given in Table I. Fe is, thus, found to be in a high-spin
due to the dilutions of the magnetic ions on the two sitesFe*" state at both sites in the two oxides. Using an earlier
The spectra are analyzed accurately by taking into consideresult® that CSQ)<CS(B), and QSA)<QS(B), the com-
ation the presence of relaxation effects. The effects of variponents corresponding to the two sites can be identified.
ous phenomena mentioned above are thus determined. Arhus, Fe is found to prefek sites in both cases.

earlier study of these two oxidedsshowed that the tempera- At lower temperatures, magnetic splitting is observed. At
ture dependences of ZFC and FC magnetizations do net.2 K, two magnetic component spectra are visible. At
overlap below a temperature. In the casexef0.9, this  higher temperatures, the two magnetic components show the
branching temperature was found to lower significantly withpresence of relaxation effects. In addition, a paramagnetic
an increase in the applied field. Such behavior was shown toomponent appears at higher temperatures, which grows in
be due to superparamagneti$hThe remnant magnetization intensity with temperaturéFigs. 1 and 2 We, therefore, fit

and coercivity showed a large increase at temperatures lowéne experimental spectra with a sum of two magnetic com-
than 25 K. Above this temperature the coercivity is 10 Oeponent spectra, including the presence of dynamical effects,
These features were attributed to the spin-glass ordering @hd a paramagnetic doublet, using the least-squares fit pro-
the single domain magnetic clusters present in these matergedure. The magnetic spectrum is calculated using the sto-
als. The dc magnetization does not attain saturation up to thehastic model of ionic spin relaxatih?®

magnetic-field strength of 1.5 T even at 75 K, where the
coercivity is quite smalf! This shows the presence of non-
collinearity of moments in this oxide witkk=0.9. In the ] . ) ] o
other composition, noncollinearity is expected to be more The line shape due to single-ion spin relaxation is given

prominent, due to a larger concentration of diamagnetic iongY & simple relation when the ionic Zeeman splitting is large
in comparison to the hyperfine splitting, as is the case in

magnetic materials. In this case, each of the six nuclear tran-
Il. EXPERIMENTAL sitions contributes independently to the Mossbauer line
shape. The spectral shape of each of the six nuclear transition
The oxides were prepared using the conventional ceramican be calculated separately and then added with proper
procedure. The desired ratios of the component oxides wengeight factors. The spectral shape corresponding to a given
thoroughly mixed under alcohol and calcined at 900 °C. Thenuclear transition is given 5
final sintering was done at 1200 °C for 20 h. X-ray analy-

Ill. ANALYSES OF EXPERIMENTAL SPECTRA
AND RESULTS

A. lonic spin relaxation

ses showed the presence of single-phase spinel structure in 6
both compositions. l(w)=(2)Re >, iq,/(Ww—p,). )
Mossbauer spectra are obtained using a cryogenic setup a=1

described elsewher@.Co”’ in Rh is used as the Mossbauer o S

source. A sine wave is used to drive the spectrometer. ThEere, the summation is over the six ionic states of thé' Fe
linearization of the spectral velocity scale is done after analylon- I is the linewidth in the absence of relaxation effepfs.
ses, for the purpose of presentation only. Both ends of thare the eigenvalues of the X&) matrix P with elements
long drive rod are used to record spectra. One end of the rod

carries the source for obtaining calibration spectra using an Puuw=(WH=1/2iT") 6, +iIW . (2)
Fe foil, kept outside the cryostat. The other end of the source

carries a stronger source for obtaining the spectra of the oxwhere,aw* is the nuclear transition energy when the ion is
ide under study, inside the cryostat. The two spectra are obn the electronic statgu). W, ., is the transition probability
tained simultaneously using PC. The widths of the innerate for the transition fronu) to |w) ionic spin states.
lines in the calibration spectrum are0.23 mm/s. The tem- The amplitudeq,=a,+ib, in Eq. (1) is calculated from
perature is measured using calibrated carbon glass senseigenvectors oP:
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FIG. 1. (8 and(b). Mossbauer spectra of Mgféil, ,0,. The
theoretical spectra which fit best these spectra are shown by solid 167
lines. The component spectra are shown by dotted lines. -15.95 ' 000 ' 15.95

. (b) VELOCITY (mm]s)
Qu= E NﬂTMaTm—l’ (3) FIG. 2. (a) and(b). Mossbauer spectra of Mgk-gAl ,:0,. The
wT=1 theoretical spectra which fit best these spectra are shown by solid

whereN,, is the thermal population of the electronic leyel ~ 'INés- The component spectra are shown by dotted lines.

.T'S the 6x6 matrix composed of the eigenvectdrs, of P, (1) The ratio of thermal populations of successive ionic
€., levels, split by Zeeman interaction, is denotedsbyhus, the
T PT=D, (4)  thermal populationd\,, of successive levels can be written

] ] . o ] as 1s,5%,s°, etc. The thermal average 8§ can be calculated
whereD is a diagonal matrix containing the eigenvalyes usings:
of P.
2.5+ 1.55+0.58*— 0.56°— 1.56* — 2.58°

1+s+s%+s3+5+¢°

B. Computation of spectral shapes (SAT))=

The parameters which enter in the computation of relax-
ation spectra and the procedure of their evaluation are de- (2) The hyperfine magnetic field;,(T) is proportional to
scribed here. (S,(T)). The hyperfine field at lowest temperature is used to
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TABLE II.
MgFey Al 10, at low temperatures. H;(A) =474.9 kG, H;(B)
=515.8kG, T'46:I'55:1'3,=0.33:0.32:0.31 (MmV/s), | 1g:155:134
=3.00:2.00:1.00, Q3),=0.02 mm/s, QS¥)g=0.03 mm/s,
Relative intensity ofA:relative intensity ofB=0.61:0.39.

MAGNETIC BEHAVIOR OF Mg(Fe, A),O,: A. ..

Results of analyses of Mossbauer spectra of

3243

TABLE Ill. Results of analyses of Mossbauer spectra
MgFe, 75Al 1 »£0, at low temperaturedd;(A) =466.3 kG, H;(B)
=524.7 kG, T'15:I'55:1'3,=0.35:0.33:0.31 (mm/s), 115:155:134
=3.00:2.00:1.00, Q3),=0.01 mm/s, QS¢)g=0.02 mm/s,
Relative intensity ofA: relative intensity ofB=0.65:0.35.

of

Component 1 Component 2 Component 1 Component 2 Component 3

A site B site Component 3 A site B site paramagnetic
Temperature paramagnetic ~ Temperature
(K) (S) RTny (S) RTMy RI (%) (K) (Sp) RT(ng (S) RT(ng QS(P) CS* RI (%)
4.2 241 14.75 241 4.8 0 4.2 236 132 232 0.8
10.0 2.23 9.2 2.33 3.3 0 10.0 213 72 220 10
32.0 1.71 7.8 2.14 2.2 0 16.0 152 42 200 13
56.0 1.47 6.3 2.03 1.7 0.6 22.0 074 21 165 2.2
66.0 1.45 4.6 1.99 1.5 2.2 30.0 058 14 150 16 0.36 0.09 25
95.0 1.21 2.7 1.84 1.2 3.75 38.0 0.64 16 147 15 0.35 0.085 37
130.0 1.02 1.4 1.63 1.0 10.0 46.0 0.69 16 140 20 0.34 0.09 40
140.0 0.97 1.1 1.55 0.9 15.0 62.0 1.01 105 153 12 0.34 0.08 55
150.0 0.93 1.1 1.46 0.9 18.8 80.0 1.14 0.7 157 1.0 0.33 0.09 68
100.0 120 03 151 04 0.33 0.09 83

determine the proportionality constant. At low temperatureCenter shift relative to Fe metal in mm/s.
|5/2) is populated and the lines are narrow. A fit to such a
spectrum provides a hyperfine field correspondings#@)  ion distribution in MgALO, is (Mg)[Al,]0,.%° Here, () and
and provides the proportionality constant. This field corre{ ] denote ions at theA and B sites, respectively. Thus,
sponding to|5/2) is also the saturation hyperfine field, Al is known to prefer B sites. MgFgO, is nearly
Hin(0). inverse. The cation distribution is foutfd to be

(3) At low temperatures, the line broadening due to relax-(Mgo o4& 09[MJo.9d €1.0410s. Thus, Mg too has a prefer-
ation is negligible. Consequently, and the relative line in- ence for theB site. Based on these known facts, the cation
tensities of the three pairs of lines in a sextet are obtained bgistribution inferred in the oxides under study are

fitting the spectrum at 4.2 K.
(4) The relaxation matrix with element (F&.4dMg,Alo 5)[F&.2dMg,Al1.74]04  for x=0.75,

'+ Which de-
scribe the relaxation frequencies between various ionic lev-
els, depends on the relaxation process. A detailed discussion (Fey sdMg.Al)o 5[ Fen 3Mg,Al)1650,  for x=0.90.
of various relaxation processes and the associated relaxati®eferring to Fig. 8 of Ref. 22,

frequencies can be found elsewh&hé® At low tempera-

tures, spin-lattice relaxation can be neglec®@nly spin-

spin relaxation is taken into consideration. The rate of flip-

ping betweer|5/2) —|3/2), |3/2)—|1/2), and|1/2)—|—1/2)

ionic levels due to spin-spin relaxation ar@,58(), and 9},
respectively’*?8 The relaxation timéRT) is related*?®to 15
by the relation RE[7(1+s)Q] L.

C,=0.49, Cz=0.13, whenx=0.75,

Ca=0.55, Cg=0.175 whenx=0.9.

C. Results

H.(0), T', electric quadrupole shifts, relative line inten-
sities of the three pairs of lines in a sextet, and the relative
intensities of the two sextets are obtained by fitting the spec-
tra at 4.2 K. These parameters are fixed while fitting the
spectra at higher temperatures. Thus, agly), and center
shifts are treated as variable parameters in fitting spectra at
higher temperatures. The fit of the experimental data with the
computed spectra is shown in Figs. 1 and 2. The results of
the analyses are given in Tables Il and IIl. The temperature
dependence of the relaxation time of ions at #hsite in the
composition withx=0.75 is shown in Fig. 3. A change oc-
curs in the temperature interval 25-30 K. 0 | |
0 50 100

TEMPERATURE (K)—

150

1. Cation distribution

It was found in earlier investigatioffs that CS@)

FIG. 3. Temperature dependence of the relaxation tiRIB of
<CS(B), Hiw(A)<H;x(B), and QSA)<QS(B). The cat-

Fe ions atA sites in MgFg 7sAl; 280,.
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FIG. 4. Temperature dependence of the relative intensity of théattice. The ions on the sublattid® which are expected to
paramagnetic component in the spectrum of Mgfé; 10,. show larger noncollinearity, show more abnormal behavior
than the ions on sublattid®.
The first composition X=0.75) lies very close to the line The result forx=0.75 shows another remarkable charac-
separating the spin-glas$§G and localized canted state teristic. The magnetization decreases sharply initially as the
(LCS) regions*? The second compositiorx & 0.9) lies in the  temperature increases up to 30 K and then rises before finally
LCS region?® We, therefore, expect to study the character-decreasing agaitFig. 6). It is interesting to note that the FC

istics of the two regions in the present study. and ZFC magnetizations for this composition show a peak at
) 35 and 25 K, in the presence of 50 and 1000 Oe, respectively
2. Neel temperature (Fig. 8. The branching temperature of FC and ZFC magne-

It was found earlié® that T decreases linearly as the tizati_ons lalso lie in this temperature range, and decreases as
concentration of Fe in MgEal,_ O, decreases. The rate is the field increases. As mgntlor]ed above, the temperature de-
~35° for a change i by 0.1. We, thus, estimate the tran- pendence _of the relaxation time also shows a change at
sition temperature of the compositions wits=0.9 andx  2°—30 K(Fig. 3.
=0.75 to be 291 and 239 K, respectively. This decrease in
Ty With x is not expected to be linear at larger valuesxof IV. DISCUSSION
also, but this estimate serves as a guide.

The conversion of the magnetic into the paramagneti%n

spectrum occurs aly in the absence of superparamag-p,,ny - guplattice into noncollinear sublattices. The

netism. In the oxides under study, however, SUPErparamags s kittel! model of the noncollinear spin structure of fer-
netic effects are present, due to the large concentration of the

diamagnetic ions. The conversion of the magnetic into the
paramagnetic spectrum, therefore, occurs at temperatures

well below Ty (Figs. 4 and b Thus, the intensity of the 25
magnetic component is found to become zero at 11Fil.
5) for x=0.75. The temperature dependence(8$) indi- 20
cates that the transition temperature is higher than 115 K ’
(Fig. 6). The difference between the temperature at which the f
magnetic component disappears due to superparamagnetism /N
andT)y is expected to increase with the concentration of the N
diamagnetic ions. It is, therefore, not possible to determine 10
the Nesl temperatures of such oxides using Mossbauer spec-
troscopy.

The substitution of magnetic ions by diamagnetic cations
a sublattice in a ferrite results in the splitting of the neigh-

3. lonic magnetization and noncollinear spin structure

. | |
Mossbauer spectroscopy enables the determination of 50 100 150

(Sz) of Fe ions. The most interesting finding of the present
study is the anomalous temperature dependences of the Fe

ionic moments at the two sites in these oxidEgys. 6 and FIG. 6. Temperature dependenceg 8§) of Fe ions atA andB
7). The anomalous behavior is different at the two sites in thaites in MgFg <Al ; 0.

TEMPERATURE (K )—>
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FIG. 7. Temperature dependences §f) of Fe ions atA andB

sites in MgFg Al 10.
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FIG. 9. Schematic representation of noncollinearityBosublat-
tice, represented by E¢B). Similar representation of noncollinear-
ity at A sublattice, represented by E®), can be drawn.

rites does not take into consideration the variation in the
magnetic interactions from site to site on a sublattice. In-

. . H :)\ +)\ 2=V 5
stead, the two sublattices are assumed to be magnetically Bxt™ tasHAT Aererie ©
homogeneous. Furthermore, noncollinearity with respect to

the direction of net magnetization alone is taken into consid©f

eration. It can, therefore, be described as a two-dimensional

2D) model. In this model, thé and B sublattices are sub- _

(2D) Hex™=Naga T Mararia (6)

divided into two A'?) and four subsublattice®¢>34 such
that intrasub-sublattice interactions are much weaker than
other interactiond?> Consequently, spins on any of the six respectivelyFig. 9). Here,Hg, is an external magnetic field,
sublattices mentioned above have no tendency to orient at &@nd \ij=(2J;;n;; /g?#3). The magnetic energy does not
angle with respect to each other, but can make angles witbhange ifB1 and B® as well asB? and B* are treated as
respect to ions on other sublattices. The condition for thesollinear? Thus, theA or B sublattice splits into two sublat-

appearance of noncollinearity @or A sublattices are

0.08 -

0.06

0.04

0.02

Mag Mom. ( arb.units)

0.00

—1kOe
50 Oe

0 50

100 150 200 250 300
Temp. (K)

tices as a result of noncollinearity. It is, thus seen that non-
collinearity on a sublattice appears when the intrasublattice
interaction becomes greater than the intersublattice interac-
tion (Fig. 9. As a result of the assumption of the magnetic
homogeneity of a sublattice, the Yafet-Kitt€YK) model
predicts that the noncollinearity appears at one of the sublat-
tices (A or B) only.

The assumption of homogeneity of a sublattice made in
the Yafet-Kittel model is, however, not justified, due to the
short-range nature of the magnetic interactions in the oxides
and the random distribution of the diamagnetic ions on a
sublattice. There are two effects of relaxing this assumption.
Firstly, the noncollinearity can appear on both sublattices
simultaneously. This has been found experimentally
earlier’>1526 This is very likely in the oxides under study
also, because the diamagnetic substitution is large on both
the sublattices. Secondly, there is a variation of noncollinear-
ity from site to site. When the concentration of the diamag-
netic ions on a sublattice is large, some ions on the neigh-
boring sublattice have noncollinearity angles greater than 90°
also. Such ions are said to have suffered spin revérsal.
oxides with such a large concentration of the diamagnetic
ions, we can talk of spin orientations resembling spin glass.
Finally, it should be pointed out that the Yafet-Kittel model
considers noncollinearity with respect to the direction of the
net magnetizatioriz direction only.?> The spin orientation

FIG. 8. Temperature dependences of FC and ZFC magnetizag in the XY plane is not considered, which is also expected

tions of MgFe 75Al 1 50,.

to differ from site to site->?°
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A. Superparamagnetism doublet, which results from superparamagnetic fluctuations,
Hg proportional® to T. This is found to be the case when
=0.75 (Fig. 5. It is also remarkable that the line passes

magnetic particle is smal<200 A). In this case, the mag- hrouah 0 K. and th nversion to th ramaaneti m
netization of the single-domain magnetic particle fluctuate§ ouy & € conversion 1o the paramagnetic compo-
nent is complete at 120 K, implying that the sizes of the

among the directions of the easy magnetization. In Presencq \ciors are smaller thavic (120 K). In the case ok=0.9,

of umaxugl anisotropy, the magnetization flluctuates among,, the other hand, the doublet appears at temperatures higher
the two directions of easy magnetization with the frequency[han 60 K, and the rate of conversicFig. 4) increases with
temperature in the temperature range up to 150 K. We have
not made measurements at higher temperatures, although a
sigmoidal variation in the intensity of the doublet with tem-
perature is indicated.

Superparamagnetism is observed when the size of t

QSPM:Q()eXF(_ KV/kT) (7)

Here, Qy~10° Hz, K is the anisotropy energy per unit
vqu'me, andvis th'e volume of the smgle-domam r_nagnetlc The present study, thus, shows that in the composition
part!c:e._ln the omﬁeHunder stucri]y, the physmz:cll 5|Ize of theWhich lies on the line separating the SG and LCS regfon,
oo o e et o o oS 76 of e clustrs presen s smaler, and (e paricl
results in the formation of small magnetic clusters inside th ¥|zg Q|str|put|on 'S un|fo.rm. Qn .the other handz in the com-
particles, which show superparamagnetism. When the co _05|t|on_yv|thx=0.9, which _Iles in the LCS regich of th_e
centratio,n of the diamagnetic ions is large tHese clusters c %omposmon, the average size Of. the_ clu_sters present Is rela-

: ; . ’ at|vely greater, and the size distribution is not uniform, but
get fully isolated. In this case)gpy is larger than nuclear o9 normal
precession frequency even at low temperatures. This resullsg )
in a paramagnetic Mossbauer spectrum, even though iong the anomalous temperature dependence of magnetization
inside the cluster are magnetically ordered. At higher con- . o ] )
centrations of the magnetic ions, these clusters get coupled to When the concentration of the magnetic ions in a ferrite
each other through one or two exchange bonds. At low temiS large, the temperature dependence(8f) follows the
peratures, these clusters order like spins in a spin glass. THoullin curve. As the concentration of the diamagnetic
system has been described as a cluster spin glass. At highens increases, anomalous behaviot ) is found? 101>
temperatures, when the thermal energy becomes comparabités found using Mossbauer spectroscopy &) decreases
to the coupling between the clusters, the long-range orderingapidly initially as the temperature increases until a tempera-
of clusters break down. Thus, the clusters independently peture Ty . At higher temperaturesT>Tvk), the decrease in
form superparamagnetic fluctuations at higher temperature$S,) with the increase in temperature becomes much slower.
It was shown in an earlier Mossbauer study that a peak in th&yk is found to coincide with the temperature at which the
temperature dependence of ac susceptibility of such a ferriteoncollinear spin structure is found to convert into the ferri-
appears in the temperature range in which the weak couplinmagnetic spin structure.}°1>1®Thus, the temperature de-
between clusters becomes comparable to the thermglendence ofS;) determined using Mossbauer spectroscopy
energy’® In the present study also, ac susceptibility of can give an indication of the presence of noncollinearity. The
MgFeAl,_,O,, x=0.9, show$' a broad peak at 150 K, and results obtained in the present study show that the anomalous
Mossbauer spectroscopy shows a rapid increase in the relbehavior of magnetization appears at both sublattices, imply-
tive intensity of the paramagnetic component above 100 Kng noncollinearity exists at both sublattices, as expettéd.
(Fig. 4). Thus, in the present study also, the peak in the a¢-urthermore, the anomaly is found to be larger atAtsite.
susceptibility is found to be due to breaking of long-rangeAs the noncollinearity is expected to be larger at #site,
ordering of clusters into independent superparamagnetithe present study shows that the anomaly is proportional to
clusters as the temperature is increased. the noncollinearity. The difference in anomaly at the two

The presence of superparamagnetic fluctuations in Mosssites also shows that a collective fluctuation like superpara-
bauer spectroscopy is shown by the appearance of a pararagnetism cannot be responsible for the anomaly, because it
magnetic doublet whose intensity increases withwill affect both sites equally.
temperaturé® For discussing the temperature dependence of In earlier studied; ° the anomaly was found to decrease
the relative intensity of the paramagnetic component, we reas the external field increases. The change is large even when

write Eq.(7) as the applied field is small.
The results obtainéd!® for MgFe Al; 0, and
V=—(KT/K)In[Qgpp/ Q0] €S)) Nig »ZNg 7d€Q;, which belong to the LCS class of oxid&s,

show that(S,) decreases rapidly with an increase in tem-

When Qspy becomes greater than %Biz, the magnetic perature up to 40 K, and then slowly above 40 K. On the
splitting in Mossbauer spectrum disappears. We denote thether hand, in the case of Mg§gAl ;1 0,4, Which lies on the
corresponding volume at temperatufeas V(T). lons in  boundary between the spin-glass and LCS class of offdes,
clusters smaller tha(T) do not give a magnetic split (S,) decreases sharply up to 30 K, and then increases again
spectrum afl. V(T) is larger at highefl. If T, denotes the in the region from 30 to 60 K, before finally decreasing again
temperature at which all the clusters contribute to the parawith the increase in temperature. In the following, we pro-
magnetic spectrum only, the largest size of the clustewvide an explanation of this anomaly.
present can be concluded to ¥e(Ty). If K is independent In spin glasses, there are several energy minima, repre-
of T, and clusters of all sizes up ¥(T,) are equally prob- senting differing spin configurations, in which the system
able (uniform cluster size distribution the intensity of the can settle on lowering the temperature. The system settles in
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(from a to —a or vice versa simultaneously. The barrier to
F this change is obtained by summing E®) over all the ions

in the cluster:
-I,'S o

a b SPIN CONFIGURATIONS E=33Ngg(l—cosa)(ug)?. (10)
(b) (a)

FIG. 10. (8 The free energy of a spin glass in various spin .. When the thermal energy i_s greater than this _barrier, the
configurations in which the system can settle on lowering the temchIp of th,e c!uster magnetization becomes ,pOSS'ble' ,If the
perature. When the oxide consists of clusters with weak interacSlUSter size is small, so that the number of ions required to
tions, there are various spin configurations in which the system cafliP simultaneously is small, the barrier is small. As the ther-

settle at low temperatures as explained in the text. The energy of th@al energy becomes greater than the height of the barrier,
whole system resembles the energy of a spin glass, consisting the fluctuations between « and +« orientations of the ions

large number of minima and barriers between thém Schematic ~ increase. When the time for which a particular noncollinear
representation of the change in energy due to interchange of orieflon stays in its orientation is shorter than the nuclear preces-
tations of magnetizations of the two sublattices with respect to theion period, we observéS,)cos 2, instead of(S;). The
direction of net magnetization, in the Yafet-Kittel model of noncol- two configurations differ in the orientations of only those
linear spin structure. The two equivalent spin configurations repreions which are noncollinear, and the effect observed is pro-
sented in Fig. 11 are representedaaandb. The barrier between portional to the noncollinearity angle This is in agreement
these configurations decrease as the size of the cluster decreasegyith the experimental results, as mentioned above. It is, thus,
a collective fluctuation like superparamagnetism. In super-
one of these configuration&ig. 10a)] at low temperatures. paramagnetism, the magnetization of all ions flips between
These minima are separated by barriers. We speculate on tgg and down directions. In the model proposed here, the
configurations corresponding to these energy minima and th@oments of all the ions in the cluster flip froma to —a or
energy barriers which separate them in the present system. to +« directions with respect to the lattice magnetization
We assume, for the purpose of the present discussion, thatig. 11). Such fluctuations, like superparamagnetism, can
the noncollinearity can be described by the YK model, andyiso give a peak in ac susceptibility.
appears on thé sublattice only. In the formation of the  As emphasized earlier, the Yafet-Kittel model of noncol-
noncollinear spin structure, ions on the sublattice split intdinear spin structure is a simplified two-dimensional model.
two noncollinear sublatticeB’ and B”, oriented at angles In rea“ty, the energy of a magnetic ion depends on its ori-
+a and —« to the direction of magnetization of the adjacent entation ang|e§u as well as®. Here, a is the ang]e with
sublattice[Fig. 11(a)], respectively. An equivalent configu- respect to the net magnetizatiandirection, and® is the
ration is obtained if sublatticeB’ and B” are oriented at angle in theXY plane. The fluctuation of the spins inside the
angles—a and +a, respectively[Fig. 11(b)]. The barrier cluster can be between any two equivalent configurations, or
which separates these two equivalent configurations, sch@ven between two configurations which differ in energy and
matically shown in Fig. 1®), can be estimated as follows. are separated by a barrier, provided the thermal energy is
As can be seen from Fig. 9, the difference in the energies aénough to cause the magnetization to jump the barrier. As
a B-site ion in the two cases, in which the noncollinearity the temperature increases, the rate of fluctuation increases,
angle isa and zero(Neel's collinear spin arrangements  which reduces(S;) to (S,)cos 2, where 2 is the angle
given by between the two spin directions between which the fluctua-
tion occurs. Subsequently, the temperature dependence is
AE=Nggr(1-cosa)(pe)?. ©  due to the temperature dependences(®f) and « only.

For the noncollinearity angle of an ion to change fram Thus, I decreases rapidly and the changéﬁig)' Is slower
to —a, the Weiss field acting on the ion must change in'N & tempergture range$Z>§:(_)s 2a_can show an Increase, as
direction froma to —a. This implies that the orientations of 'S 0bserved in the composition wik=0.75. The application

all the ions, responsible for the Weiss field, must change sigh @n extemnal field reduces the fluctuation rate and, thus,
reduces the anomaly i5,).

The large number of clusters in a particle, and the possi-
bility of their occurring in different spin orientations, as ex-
plained above, makes the system resemble a spin glass. At
low temperatures, the system settles in one of the possible
configurations. As the temperature increases, fluctuations be-
tween different configurations start, as explained above. This
gives the anomaly in the temperature dependeng&Sgf.

At higher temperatures, superparamagnetic fluctuations
start. lons inside smaller clusters are affected initially. They
give a paramagnetic spectrum and stop contributing to

FIG. 11. (a and (b). Schematic representation of the two {Sz)COS Zv, which is obtained from magnetic spectra. If, as
equivalent orientations of the twB sublattices. When the thermal @ result, the average of coa 2ncreases, we can see a small
energy is greater than the barrier between these configurationé)crease iSz)cos 2x with an increase in temperature, if the
there is fast fluctuation between these equivalent configurations. change in(S;) is small in this temperature range. In the

(a) (b)
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composition withx=0.75, superparamagnetic effects are ob-investigated using Mossbauer spectroscopy. Anomalous be-
servable at lower temperatures. It can, therefore, affedhavior of the ionic magnetization at low temperatures is con-
(Sz)cos 2 at lower temperatures. In the composition with cluded to be due to fluctuations between equivalent noncol-

x=0.9, on the other hand, superparamagnetic effects aigear spin configurations of the cluster. Such fluctuations are
cr:)nflr;ed tc(’j a hlgherftfemsperatuz ranlge o100 K). It ossible when the size of the cluster is small. The nature of
therefore, does not affe¢E;)cos 2v at lower temperatures. spin ordering in the oxide is compared with the spin-glass

ordering. At higher temperatures, superparamagnetic effects
are present. In MghkeAl, »:0,, the cluster size distribution

Diamagnetically substituted ferrites in the concentrationis found to be uniform. This may be the characteristic feature
range in which spin-glass ordering is expeéteave been of an oxide spin glass.

V. CONCLUSIONS
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