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Abstract. The study involves the investigation of basic magnetic properties of ultrafine 
rare-earth iron garnets in the size range 1.0-35 nm, prepared by a citrate precursor 
method. The crystallites of 10-35 nm size are monolithic ferrimagnetic particles which 
have saturation magnetization and magnetic interactions (as shown by the Curie tern- 
perature) comparable with those of bulk crystalline gamets. The small d u c t i o n  in 
saturation magnetization in the 10-20 nm crystallites is attributed to spin canting and 
nonallinearity at the surface of the crystallites, and a model based on surface spin 
canting is pmpaed  for the spin Structure of these crystallites. The magnetization and 
magnetic interactions of smaller crystallites of 1.0-1.5 nm which exist as x-ray amorphous 
magnetic clusters are different €mm those in the bulk aystalline garnets. Reduction 
in the rare-earth sublattice contribution due to a weakening of the R3+-02--Fe3+ 
super-exchange interaction in the disordered state accounts for the difference in satura- 
tion magnetization in these magnetic clusters, whereas the enhanced Curie temperatures 
are attributed to an increase in the number of effective magnetic interactions in the 
disordered state. A model based on bulk spin non-collinearity is proposed for the spin 
structure of the magnetic dusters consisting of 1.0-1.5 nm crystallites. 

1. Introduction 

In the past, pure, mixed and substituted rare-earth iron garnets (RIGS) have been 
extensively studied in the form of single crystals, polycrystalline and thin-film ma- 
terials [l, 21. However, there are few reports in the literature on amorphous and 
ultrafine RIGS. Amorphous RIGS prepared by roller quenching, sputtering and chem- 
ical methods show remarkably different properties [3-51. The roller quenching and 
sputtering give rise to amorphous RIGS which are antiferromagnetic with a Nkel tem- 
perature below 100 K, a substantial deviation from the behaviour of crystalline RIGS 
which are ferrimagnetic with a Curie temperature T, around 550 K The ultrafine 
non-crystalline YIGS prepared by pyrolysis of a citrate precursor, in contrast, show a 
T, of around 900 K The well known dependence of microstructural polymorphism 
on the preparation conditions in noncrystalline networks is often reflected in their 
interesting magnetic properties. It is particularly evident in the noncrystalline non- 
metallic materials where superexchange coupling dominates. Differences in the details 
of packing of oxygen and metal ions leads to large variations in magnetic behaviour. 

3 Present address: Department of Physics, Oliver Lodge Laboratories, University of Liverpool, PO Box 
147, liverpool U 9  3BX, UK. 
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In the studies on ultraline magnetic materials, certain extraordinary phenomena 
have recently been recognized as arising from the effects of finite dimensions [6-91. 
The specific saturation magnetization and magnetic hyperfine fields which are often 
thought of as being intrinsic magnetic properties of ferromagnetic and ferrimagnetic 
materials have been found to vary between bulk and fine particles. Nonallinear mag- 
netic spin structures have been found to exist in ultrabe particles particularly at the 
surface. F'articles of the smallest size range of the order of 1.CL1.5 MI would thus be 
effectively aU surface and would exhibit extraordinary magnetic properties. Therefore, 
in the present study we have undertaken an investigation of saturation magnetization, 
magnetic transition temperature and spin structure in ultrabe nanometre-sized RIGS 
prepared by a citrate method. 

2. mrimental  prucedure 

Ultrafine RIGS were prepared by thermal decomposition of citrate precursors, 
R3R5 Sm, Tb, Dy, Ho, Er, Yb, (YNd) and 
(YGd). The preparation and decomposition studies of the citrate precursors have 
been reported elsewhere [lo]. Decomposition of the precursor in air yields x-ray 
amorphous ultrafine particles at 450T and crystalline particles above 6WaC On heat 
treatment at temperatures between 450 and lOOO"C, the amorphous RIG materiak 
yield crystallites in the size range 10-35 nm. The powder XRD patterns of the mate- 
rials were recorded on a Rich Seifert lsodebyflex 2002 diffractorneter with Ni-filtered 
Cu Ka radiation. The magnetization measurements were carried out on a PAR 150 
vibrating-sample magnetometer in conjunction with a V-7u30 electromagnet assembly 
that provides a magnetic field of up to 10 kG. A furnace assembly (model 151) which 
can provide temperatures up to 1OOO K, associated with the magnetometer was used 
for temperature variation studies of magnetization. 

3. Characteristics of ultraline rare-earth iron garnets 

Ultrafine RIGS were characterized in detail by XRD, TEM and BET surface area mea- 
surements as described elsewhere [ll]. In the heat treatment temperature range 
4 5 W o C ,  the ultrafine garnets exhibit only a broad hump in the XRD pattern cor- 
responding to reflection in the d-value range d,,, = 0.24.35 nm. It indicates the 
absence of crystalline periodicity and the existence of a highly strained disordered 
state having a crystallite size of 1.0-1.5 nm. Above 6WT, the crystaNites grow to 10- 
35 nm monoliths with daze = 0.2i5-0.285 nm, owing to crystallization with negligible 
lattice strain. The larger d420 spacing for aystallites of 1.0-1.5 nm size compared with 
10-35 nm corresponds to a relative increase in the specific volume of the RIG lattice. 
The larger-size-induced strain is proposed to be responsible for the distortion and 
instability of the garnet lattice. Such a lattice expansion with decreasing particle size 
has been reported for various metallic and non-metallic fine-particle systems [12-141. 

The specijic volume change in ultrafine RIG materials of 1.0-1.5 nm crystallite size 
is attributed to the modifications of various oxygen polyhedra in the ultrafine state, 
deduced from the spectrochemical studies as follows [U]. Ultrafine RIGS exhibit 
1R absorptions corresponding to an expanded dodecahedra and garnet lattice, which 
support the observed increase in the speciEc volume shown in the XRD studies. The 
parameters calculated from the optical spectra, namely the Racah parameter B, the 
ligand-field parameter A, and the isomer shift in the MOssbauer spectra give a direct 

(36 + n)H,O, where R 
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indication of the cationanion distances in the oxygen tetrahedra and octahedra in 
the structure. The ultrafine RIGS mmprising 1.0-1.5 nm crystallites show larger B(tet) 
and smaller isomer shifk compared with the bulk aystaihe garnets, indicating an 
increase in Fed* bond distances. The ligand field parameters A(tet) are smaller 
than in bulk garnets, which again indicates an enhanced Fed* bond distance. In 
contrast, in the case of Fe06 octahedra, smaller B(oct), larger isomer shifts and larger 
A(0ct) are observed which indicate a decrease in R a 4  bond distances. Therefore, 
the overall increase in spedic volume observed in 1.0-1.5 nm crystallites is associated 
with a relative expansion of tetrahedra and dodecahedra, leading to an increase in 
Fed-€) and R,-O bond distances, and a relative contraction of octahedra, leading 
to the decrease in Fea* bond distances. In addition, interestin&, the g-factors 
and linewidths in the FMR spectra of 1.0-1.5 nm aystafites of RIGS dearly show 
substantially reduced rare-earth contributions. It has been attributed to the increase in 
R,-O-Fe, bond distances and the resultant weakening of the R-0-Fe superexchange 
Wl. 

Figure L Magnetization as a function of temperature for & ~ F e 5 0 , ~  malerials heat 
treated at different temperatures. The inset shows dative magnetization as a tunetion 
of field-temperature quotient. 

The above-mentioned increase in the specific volume, the polyhedral rearrange- 
ments and their effect on superexchange interactions are indeed expected to affect 
the magnetic properties of ultrafine RIGS. It is in this antext that the magnetization, 
magnetic interactions and spin structure of ultrafine RIGS are investigated and the 
results are presented. 

4. Results and discussion 

4.1. Magnetization curves 
The temperature dependence of magnetization at a field of 6 kG for a typical ultrafine 
RIG is shown in figure 1. The inset represents the relative magnetization ./us 



4860 

as a function of field-temperature quotient HIT. The 10-35 nm crystallites, Le. 
heat treated above 650°C, show magnetization curves and Curie temperatures Tc as 
reported for bulk crystalline garnets [lq. In the case of 1.g1.5 nm crystallites having 
an amorphous nature, however, the magnetization gradually decreases with increasing 
temperature and approaches zero at around WO K, which is much higher than the 
T ,  for crystalline garnets. These line crystallites show nearly superimposed u/us 
versus HIT curves and do not show any hysteresis. The magnetization does not 
saturate even at an applied field of 10 kG and the cum resembie Langevin curves. 
The observations are characteristic of the superparamagnetic behaviour of ultrafine 
particles which has been confirmed in the Masbauer studies [18, 191. The room- 
temperature saturation magnetizations, ie. the ~,-vaIues, for these ultrafine NGS 
are obtained by extrapolation of the U versus 1 / H  c u m  to the Limit 1/H -+ 0, 
following reports in the literature for -pF%03 line particles [20] and are presented 
in table 1. 

V K Sonkarnnamyanan and N S Gajbhite 

lhbk L Saturation magnetization U. at mom temperalure for ulmfine amorphous and 
ayslalline RLG materials b t  treated at various temperatures. 

Saturation magnetization a* (emu g-I) a the 
following heal tRalmenl I e m p e r a t m  

UJ saturation 
magnetization as (emu g-l) 

RIG for plycrystalline 
materials 4509: 6woC 6509) 7009) 9x39: pmeu [I71 

SWI+,O,, 18.3 12.6 8.4 14.4 19.0 21.5 
TbF&Ocz I26  113 11.1 5.1 - ~~ ~ ~ 2.4 
~ 3 k o l z  7.9 6.8 4.5 4.7 4.5 4.58 
H O 3 k 5 0 1 2  17.0 fifl 14.6 11.6 10.0 10.34 
FnFe50lz 11.0 10.9 7.3 9.7 11.0 14.36 
Ybsk5Ola 124 11.6 8.8 17.4 175 17.64 
YzNdFe~Olz 20.4 19.0 18.8 19.0 19.9 28.0 
YzGdFe50lz 14.3 - 10.9 - 17.1 18.5 

The magnetization curves of 1.0-1.5 nm crystallites resemble Langevin curves. 
Therefore, the magnetic moment per particle and the magnetic particle size of RIG 
materials were determined from the low-field slopes of the magnetization curves, 
by using the limit to the Langevin function as reported earlier [ll]. The magnetic 
particle size i$ greater than the crystallite size obtained from XRD. The difference 
between magnetic particle size and crystallite size suggests magnetic interaction among 
crystallites in the aystallite aggregates (or magnetic clusters) wherein intercrystallite 
bonds exist. Such aggregates are identified as responsible for higher magnetizations 
accompanied by an increase in T,-values in ultrafine garnets. 

4.2 Saturation magneriration 

As shown by the saturation magnetization os versus ionic radii plots in figure 2, cs- 
values of ultrafine RIG materials of 10-35 nm crystallite size prepared at 700T are 2 G  
25% lower than their polycrystalline counterparts. This reduction can be attributed to 
the spin nonallinearity and canting on the surface of the 10-25 nm ultrafine particles. 
In addition, there is a small reduction due to the fraction of superparamagnetic 
fine crystallites as observed in the magnetization curves for these samples. The 
samples annealed at 9Oo'C have us-values comparable with the plycrystalline garnets 
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*re 2 Dependenoe of saturation magnetization 
as5 0.0, 090 1.01 8.03 1.05 1.0, 1.0s on ionic mdii of lhe rareearth ions h ultrafine RIG 

tonic Radii C b  materials. 

(table l), indicating the approach to collinearity in the larger particles of 25-35 nm 
size. 

Tb, Dy and Ho, 
show us-values which are %30% lower than the polycrystalline garnets, as shown 
in figure 2 The reduction can again be ascribed to the non-collinearity of spins 
and the superparamagnetic nature of ultrafine particles. Interestingly, the 1.C-1.5 nm 
crystallites of RIG materials where R Tb, Dy and I-Io behave at variance. They 
show larger us-values than do the polyclystalline garnets (table 1). The larger us- 
values of these amorphous RIG materials are related to the smaller u,-values (less 
than 10 emu g-*) at RT in the respective bulk polycrystalline garnets in the following 
way. These polycrystalline garnets have smaller u8-values due to the greater R3+ 
(C sublattice) contribution at RT in these garnets which neutralize the R-sublattice 
(0-4 magnetization due to the antiparallel nature of the coupling between these 
two sublattices. Therefore, a reduction in c-sublattice magnetization in amorphous 
RIG materials would allow the R magnetization to dominate, and then the us-values 
would understandably show an increase. Indeed such a reduction in R3+ contribu- 
tion has been indicated by both g-values and linewidth in the FMR spectral studies 
(161. Moreover the R3+-02--Fe3+ coupling (2 x lo5 Oe molecular field) in polycrys- 
talline garnets is weaker and anisotropic compared with the Fe~+-02--Fe$+ coupling 
(2 x lo6 Oe molecular field). Therefore, a weakening of R3f-02--Fe3+ coupling 
can be expected in ultrafine RIG materials in view of the increase in bond distances 
in tetrahedra and dodecahedra observed in spectrochemical studies. Thus, a weak- 
ening of the c-sublattice contribution explains the increase in ua-values at RT, in the 
TblG, DyIG and HOE materials, compared with polycrystalline garnets. However, a 
weakening of the c-sublattice contribution should also he applicable to other ultra- 
fine amorphous RIG materials of 1.0-1.5 nm crystallite size, as is evident in the FMR 
results of all RIGS and therefore an increase in uT,-values should have been observed. 
However, w ing  to the lower magnetization of R3+ ions in these garnets at RT, an 
increase in us-values is not observed. In any case the increase in us-value would be 

Ultrafine RIG materials of 1.0-1.5 nm crystallite size, except R 
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different for different gamets, because the R3+ contribution is different in different 
garnets at xr. 

In order to assess the extent of rare-earth contributions, let us assume that the 
percentage reduction in c-sublattice contribution in various ultrahe amorphous RIG 
materials are identical. The c-sublattice magnetization in different crystalline RIG ma- 
terials at Kr can be. calculated using the RT U,-values of YIG as follows. The U,-value 
of YIG at Kr is due to the Fe-sublattice contribution alone because p+ is non- 
magnetic. The reduction in u,-ValueS of crystalline RIGS compared with YIG values is 
the result of the antiparallel c-sublattice contribution. Therefore, by subtraction of 
u,-values of crystalline RIGS from the U,-values of YIG, the c-sublattice magnetization 
of various RIGS at m are arrived at. The expected u,-values of ultrahe amorphous 
RIG materials of 1.0-1.5 nm aystallite size are then calculated for different percent- 
age reductions in c-sublattice contribution and are given in table 2 The difference 
between the experimentally observed and the above-calculated o,-values would re- 
flect the reduction in cr,-values due to the factors including superparamagnetic nature 
and the non-collmearity of spins. Since the reduction in us-values due to the above 
factors B expected in all ultrafine amorphous RIG materials, the observed o,-values 
have to be smaller than the calculated values. It can be noticed from table 2 that the 
observed 0,-values for all amorphous RIG materials are less than the calculated MI- 
ues only when the percentage reduction is assumed m be greater than 70%. Hence, 
apparently, there is a sizable reduction in the c-sublattice contribution to a,-values 
in ultrafine amorphous RIG materials. It should be remembered that none of the 
amorphous RIG materials shows a sharp increase in FMR linewidths at or below m, 
which is an indication of a complete or substantial weakening of R3+ contribution in 
gamets 1161. The g-values also do not show the characteristics of R3t contribution. 
The amorphous GdIG reported in the literature did not show a compensation temper- 
ature (which is a manifestation of rare-earth magnetization) dawn to LNT [21]. Thus, 
the substantial reduction of 70% in the c-sublattice contribution is understandable, 
which is also supported by the above-mentioned experimental evidence. 

The differences between the observed  values and the above-calculated values 
for various ultrafine amorphous RIG materials represent the reduction due to super- 
paramagnetism and non-collmearity. These values differ markedly for various RIG 
materials as depicted in table 2 The reductions due to non-mllinearity and super- 
paramagnetism for various RIG materials are not comparable and probably indicate 
the following. 

(i) The percentage reduction in R3+ contribution in different RIG materials differs 
(contray to the assumption made in the calculation) because of the strong tempera- 
ture dependence due to varying orbital and spin contributions to the magnetization 
in different R3+ ions. 

(U) The magnitude of the reduction in magnetization due to superparamagnetic 
nature in different RIG materials wries owing to particle size and its distributions. 

Therefore, it is not possible to separate out quantitatively the contribution of 
various inherent factors such as superparamagnetism and non-collinearity in ultrafine 
particles from the difference in observed and calculated a,-values. 

4.3. Superachange interaction energv and the magnetic transition temperature 

As already mentioned, the magnetic ordering temperature T, of ultrafine garnets 
comprising 1.0-1.5 nm aystallites falls in the temperature range 85WSO K and, for 

V K Sankaranarayanan atui N S Gajbhje 



Magnetic properries L$ ultrafine 4863 



4864 V K Sonkaranarayanan and N S Gajbhiye 

~00- 037 r.01 . mgurr curie temperaturar d ultra6nc RIGS as a 
tonic Radii ( 8 )  function of ionic radii d the rare-earth ions. 

10-35 nm aystallites T, falls in the temperature range 55C-5SOoC (table 3). T, 
appears to be a function of ionic size of rare-earth ion as shown in figure 3 for both 
well aystallized and 1.0-1.5 nm crystallites. Apparently, the dependence of T,-values 
on ionic radii is different in the above two cases. In the well crystallized material?., 
T, increases with increasing ionic radii of the rare earths. In the case of ultrafine 
crystallites, however, an intermediate ionic size (e.g. Dy"+ with r = 1.03 A, or Ho3+ 
with r = 1.02 A) gives rise m higher T,-values of 950 K and 900 K, respectively. 
An increase or decrease in ionic radii from the intermediate values lead m lower 
T,-values. Also, non-crystalline YIG with a p+ ionic radius of 1.015 which is 
closer to the Has+ radius, has'been reported to have a T, of 900 K [5]. Therefore 
it is possible that, in ultrafine RIG material?. of 1.0-1.5 nm crystallite size, ionic radii 
of the order of 4."+ give rise to the optimum bond angles and bond distances for 
stronger superexchange interactions and thus higher T,-values, since it is known that 
T, is a measure of the strength of the superexchange interaction [Z]. 

'hbk 3. Magnetic ordering temperat- T. of ultraflnq amorphous and aystalline RIG 
materials and their irlation with ionic radii of R3' 

Tcp) of amorphous RIG 
lonic radii material at the following TC d aystalline TC of aystalline 
or heat treatment FUG material RIG from the 

temperatures O h N e d  literature [Iq 
4509: 600s: K) 00 

Sm.Fe5012 1.W (sm3+) 837 840 583 578, %3 
Dy3FejOiz l.mwt) 953 948 553 552 
H03FesOtz LO2 @Io3+) 900 695 555 558 

Yb3FesOLZ 0.98 (U@') 863 860 541 548 

, ~ .* . . ... ~ ~ - .  
s; RIG 

mateIial 

F,r3Fes012 1.m @?+) 690 890 554 556 

YzNdFeQz 1.015 F3+); 
1.12 @d3+) 865 865 554 552 

The ultrafine amorphous RIG materials comprising 1.0-1.5 nm crystallites have a 
magnetic transition temperature Tc in fhe temperature range 850-950 K, which is 
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substantially higher than the ?“,-values of their crystalline counterparts, for which 
T, 550 K. The Curie temperature T, of a material is considered to be a direct 
measure of the interaction energy between magnetic ions. Therefore, a higher Curie 
temperature would mean stronger magnetic interactions. The transition temperature 
T, in garnets is determined by the Fe;?+-O2--Fe;+ interaction. In view of the relative 
increase in F e d 4  and decrease in F e a 4  bond distances observed in reflectance 
spectra and the relative increase in isomer shift values for tetrahedral Fe3+ compared 
with buk aystalline garnets, a change in the magnetic interactions can be expected. 

One of the possible ways of explaining the increase in ?“,-values in the amorphous 
state muld he the increase in the number n of effective interactions as calculated by 
Gilleo (221 for various iron-containing oxides, given in table 4. The superexchange 
energy can be estimated from the value of T,/n where T, is the Curie temperature 
and n is the number of Fe3+-02--Fe3+ interactions (with an Fe0 distance of about 
2 A and a bond angle greater than 1259 per Fe3+ ion per formula unit. It may be 
remembered that the superexchange interaction increases in strength as the wt- 
02- distance decreases and the Fe3+-0*--Fe3+ bond angle approaches 180’ (231. 
An average value of T,.n = 115 K is calculated for various Fe oxides (221. Using 
this average value of 115 K, and Tc values of 850-950 K for ultrafine amorphous 
RIG materials, the number n of effective interactions equal to 7.4-825 per Fe3+ ion 
is obtained and adjusted to a whole number n Y 8. Then the number of interactions 
per formula unit is 8 x 5 = 40. This number b 24 for well aystallized RIGS as given 
in table 4. Therefore, the number of interactions increases from 24 to 40 during the 
change from well crystallized gamets to 1.0-1.5 nm crystallites of RIGS. Is it possible 
to have such an increase in number of interactions in materials, where Fe3+ is present 
in tetrahedral and octahedral sites? 

From table 4 it can he seen that 24 Fe sites (16 octahedral and eight tetrahedral) 
in W,O, give rise to 24 effective interactions. 00 the oxher hand, in bulk crystalline 
garnets, it is evident that 40 Fe sites give rise to only 24 interactions per formula unit. 
The example of %O, shows that in Fe oxides it is possible to have 24 interactions 
for 24 Fe sites or 40 interactions for 40 Fe sites for a suitable arrangement of lattice 
sites. Therefore it appears that theoretically it is possible to have 40 interactions 
for 40 Fe3+ sites in Fe oxides. Such an increase in the number of interactions per 
formula unit from 24 to 40 amunts  for the T,-value of 9 0  K in ultrafine amorphous 
RIG materials comprising 1.0-1.5 nm aystallites. Since little is known about the 
interactions and ionic arrangements in the amorphous state, such an increase in the 
number of interactions is proposed to lead to an increase in T,-values in amorphous 
RIG materials. In view of the increase in specific volume observed in the ultraline 
crystallites of 1.0-1.5 nm size, an ionic rearrangement leading to the increase in the 
number of interactions may he taking place, which explains the higher T, in these 
materials. A change in magnetic interaction has been reported when larger ions such 
as Gd3+ are substituted in crystalline YIG lattice which leads to an expansion of the 
lattice (241. Also, recently, large increases in T,-values of the order of 300-400 K 
have been observed in R,Fe,,X compounds (where X _= H, C and N), owing to an 
increase in specific volume of the lattice caused by the presence of X atoms 125, 261. 
The higher T, is therefore not due to any phase separation such as iron oxides, as has 
been suggested before (211. Had the higher Tc been due to separation of any iron 
oxide phase, all amorphous RIG materials would have shown identical T,-values. The 
very fact that the T,-values of various ultrafine amorphous RIG materials are as far 
apart as 850-950 K strongly negates such possibilities of iron oxide phase separation. 
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Moreover, the magnetic anisotropy constants and saturation magnetization values are 
substantially different from those of different iron oxide phases [17, IS]. There is 
no phase separation observed in XRD after crystallization. The formation of well 
crystallized garnets at temperatures just above 6Oo'C directly from the amorphous 
state rules out the possibility of formations of RIGS via solid state reactions between 
oxide phases which require much higher temperatures (above loo0 "c) because of the 
high activation energy involved. 

4.4. Magnetic qin structure in ulwafine RIG matetfah 

UIfrafine amorphous RIG materials show plate-like structures in electron micrographs. 
These are aggregates and clusters of crystallites of 1.0-1.5 nm size. The crystallite 
aggregate is a non-porous particle and it appears in an amorphous state. The cluster- 
ing or aggregation occurs as a result of the highly energetic nature of the crystallites 
which have unsaturated bonds at their extended surface. Therefore, the crystal- 
lites are bound together by primary bonds in the aggregates. The particle size of 
about 30 nm obtained from BET surface area measurements indicates aggregation of 
crystallites in the amorphous state [ll]. The magnetic particle size obtained from 
magnetization curves points to the presence of intercrystallite bonds and magnetic 
ordering within aggregates. Thus, the smallest ultrafine magnetically ordered particle 
in the ultrafine amorphous RIG materials is a tiny cluster, called a magnetic cluster, 
comprising a countable number of crystallites of 1.s1.5 nm size. Upon crystallization, 
the aystallite aggregates become destabilized and the individual crystallites grow to 
10-35 nm size as is evident from BET studies, selected-area diffraction (SAD) patterns 
and electron micrographs [Il l .  

The magnetization behaviour of fine particles shows extraordinary phenomena 
which arise from the effects of finite dimension and (or) surfaces or interfaces. 
The specific saturation magnetization U, is considered to be an intrinsic property 
of ferrimagnetic RIG materials. The U,-values measured in bulk RIG materials may 
be expected to apply to very small particles independent of their particle size or 
morphology. The variation in saturation magnetization us in various ultrafine RIG 
materials with specific surface area is shown in figure 4. The curves are divided into 
two regions AB and BC The specific surface area decreases from A to B to C in 
all the ultrafine RIG materials. The AB region of the curve corresponds to the ultra- 
fine amorphous and the BC region corresponds to ultrafine crystalline RIG materials. 
In the amorphous state, u,-values decrease with decrease in surface area and, in 
contrast, U,-values increase with decrease in surface area in the ultrafine crystalline 
state. The us-values for ultrafine amorphous and cqstalline materials is less than 
those for polycrystalline materials (hulk us-values), which indicates that some change 
in magnetic structure has occurred although this deduction is not definite because 
some of the particles may remain superparamagnetic if the temperature is high. The 
decrease in us-values with increasing surface area in the case of particles composed 
of smaller (50-700 A) crystallites in y-Fe,O, was explained by assuming that the crys- 
tallites were separated by a non-magnetic grain boundary of the order of 6 A wide 
[27. It may be remembered that the smallest particle in the ultrafine amorphous RIG 
materials is a magnetic cluster of crystallites whereas ultrafine crystalline materials 
have larger individual crystallites as the magnetic particle. Therefore, a difference in 
spin structure can be expected in these two cases from the difference in U, behaviour 
observed as a function of surface area. 
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UIrrafine particles of magnetic materials usually have a noncollinear or canted 
spin structure ti']. In the aystallme RIG, the tetrahedral R3+ magnetization and oc- 
tahedral Fe3+ magnetization are coupled antiparallel to each other and the R3+ mag- 
netization antiparallel to the resultant Fe3+ magnetization i.e., in effect, a mllinear 
magnetic structure. The ultrafine RIG materials in the present study, particularly 
amorphous RIGS, are expeaed to have substantial noncollinearity or spin canting 
due to the ultrafine nature of the particles. An increase in noncollinearity of spins 
would be reflected in a decrease in saturation magnetization us in ultrafine mag- 
netic materials. The ultrafine amorphous RIG materials are superparamagnetic, which 
would also lead to a decrease in us-values. However, the ultrafine particles of the 
various magnetic oxides studied invariably are reported to show noncollinearity and 
canting of spins [7, 28, 291. Therefore, nonsollinearity is expected to be present in 
ultrafine RIG materials from the magnetization measurements. Because of the lack of 
Miissbauer studies in the presence of an applied field at low temperatures, additional 
quantitative evidence for non-collinearity is not presented in this study. WO alterna- 
tive interpretations are possible. Fmt the degree of noncollinearity throughout the 
particle may increase as the volume decreases, i.e. a uniform size effect and, second, 
the mnsollinearity may be large near the surface of the particle and appears to 
increase for smaller particles because of the greater specific surface area. 
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Qure 5. Schematic diagram shaving magnetiza- 
tion togelher wilh Spin canting and noncollinearity 
in (0) ullrafine crystalline material& (b) other ul- 
trafine materials and (c) magnetic clusters d 1.0- 
1.5 nm crystallites of ruts. The shaded areas mr- 
mpond to spincanted regions. 

The non-collinear spin structures of fine particles have been studied extensively 
by Haneda [7]. In the interior of the prticle, the magnetic structure is similar 
and perhaps identical with the bulk material. In the outer shell, the spin canting is 
large. Fme particles arc often composed of even smaller crystallites and hence it is 
pertinent to consider the effect of particle morphology on the nonsollinear magnetic 
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structure. The thickness of surface layer contributing to canting is evaluated for 
two models shown in figure 5. One model assumes that spin canting is primarily 
on the surface layer of the particle and the other a m m e s  that it is on the surface 
layer of each aystallite composing a particle. It is reasonable to assume that the 
thickness of surface layer in which spin canting occurs will be independent of size for 
a given material at a certain temperature. In both cases, a decrease in surface area 
would decrease the surface noncollinearity effect and thus increase u,-values. From 
figure 4 it can be seen that this is true for the BC part of the curve, Le. for ultrafine 
aystalline RIG materials. This kind of dependence of a,-values on the surface area 
has been reported in the case of other fine particle magnetic materials [30]. However, 
the magnetic particle size in ultrafine aystalline materials (monolithic materials) is 
comparable with the x-ray aystallite size, which is an indication that particles do not 
comprise smaller crystallites. Therefore, the filst model in figure 5(a) appears to 
represent the ultrafine crystalline RIG materials. 

Ultrafine amorphous RIG materials comprise magnetic clusters. According to the 
second model (figure 5(b)), spin canting may be present in the surface layer of each 
crystallite composing a magnetic duster particle. As mentioned above, it is reason- 
able to speculate that the thickness of surface layer in which spin canting occurs is 
independent of the size for a given material at a certain temperature. Since the indi- 
vidual aystallites of ultrafine amorphous RIGS are as small as 1.0-1.5 nm, a aystallite 
would be effectively all surface. Therefore, the surface canting on each aystallite 
resuln in uniform canting of spins throughout the interior of the particle as shown 
in figure 5(c). For this type of spin structure, even a decrease in surface area would 
not cause an increase in u,-values contraly to the case of surface canting as shown 
in figure 4 by the AB part of the curves. Since the qstallite size shows a negligible 
increase in the amorphous state, an increase in parlicle size (decrease in surface 
area) does not cause a reduction in noncollinearity and spin-canting effect and thus 
a,-values do not increase, but us-values as seen in figure 4 show a decrease instead 
of remaining constant. The decrease in us-values is the result of destabilization of 
crystallite aggregates and the increasing distortion (as shown by Mossbauer parame- 
ters) in the amorphous state as the particle size increases 111, 191. A structure with 
spin canting as a uniform size effect (figure S(c)) is therefore responsible for the 
decrease in us-values in the amorphous state with decreasing surface area. It should 
be remembered that ultrafine amorphous RIG materials are superparamagnetic and 
most of the ultrafine crystalline RIG materials appear to comprise a particle size dis- 
tribution and superparamagnetic fraction. Therefore the quantitative evaluation of 
the contribution of noncollinearity and surface thickness on the basis of decrease in 
us-values is not possible without additional experimental data. 

5. Conclusions 

The nature of magnetic interactions and spin structure in ultrafine crystallites of 
RIG materials could be established by a detailed investigation of the basic magnetic 
properties such as saturation magnetization and Curie temperature. The ultrafine 
RIG materials comprising 10-35 MI crystallites show saturation magnetization and 
a Curie temperature comparable with those of bulk crystalline garnets. The 20- 
25% reduction in saturation magnetization in 1C-25 nm crystallites is attributed to 
surface spin canting and a corresponding spin-canting model could be proposed. 
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The 1.0-1.5 nm crystallites of ultrafine RIGS, in contrast, exist as x-ray amorphous 
aggregates with a relative increase in specitic volume and with magnetic interaction 
among crystaltitesthe magnetic dusters. The variation in saturation magnetization 
in these magnetic dusters compared with bulk crystalline garnets is attributed to 
a weakening of rare-earth sublattice contributions resulting from a wakening of 
the anisotropic R3+-02--Fe3+ interaction in the disordered state. A semiempirical 
calculatioo shows the above weakening to be greater than 70%, in agreement with 
the observation made earlier in the FMR studies. A calculation of T, using the 
number of effective magnetic interactions, following Gilleo who calculated it earlier 
for different iron oxide systems, suggests that an increase in the number of Fez+- 

interactions in the disordered state could a m u n t  for the higher ?‘, in 
magnetic clusters. The decrease in saturation magnetization compared with that in 
bulk crystalline garnets is again attributed to spin canting. A model based on bulk 
spin non-collinearity k proposed to amount for the spin structure. 

V K Sankaranarayanan and N S Gajbhiye 
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