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M6ssbauer studies of Lio.5Fezs-xGax04 
system: canted spin alignment and cation 
distribution 
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Based on 57 Fe M6ssbauer effect studies conducted at 4.2 K with and without an 
external magnetic field of 40 kG, the exact distribution of Fe 3+ between the octa- 
hedral and tetrahedral sites has been determined for the Li0. 5 Fezs-xGax04 system for 
0.0 ~< x ~< 1.1. Gallium ions show a slight preference for tetrahedral sites. The 
values of canting angle ~yk have been determined for octahedral Fe 3+ ions using 
both relative intensity of different peaks and hyperfine field values. The effect of 
sintering on the values of hyperfine field, cation distribution and canting angle has 
been studied for Li0.~Fel.4Gal.~04 . The effect of gallium substitution on the values 
of hyperfine interaction parameters and the occurrence of a magnetically collapsed 
doublet is also discussed. 

1. In troduct ion  
Exact knowledge of cation distribution and spin 
orientation is essential to understand the mag- 
netic characteristics of  spinel ferrites and to syn- 
thesize the desired ferrites for specific appli- 
cation. Diamagnetically substituted lithium 
ferrite has attracted the attention of a number of 
research workers to help understand the 
exchange interactions in the spinel lattice, 
because only one type of magnetic ion, namely 
Fe 3+ distributed between the octahedral and 
tetrahedral sites, is involved for this system 
which makes the analysis relatively simple and 
authentic. A variety of  diamagnetic sub- 
stitutions such as Li t+, Zn 2+, A13+, Ga ~+, Ge 4+, 
Sn 4+, Ti 4+ and Sb 5+ etc, either alone or in com- 
bination have been investigated using 57Fe 
M6ssbauer spectroscopy [1-8] which has estab- 
lished its uniqueness for such studies by reveal- 
ing the occurrence of a variety of phenomena 
such as the existence of paramagnetic and mag- 
netically ordered Fe 3+ in the same lattice, mul- 
tiple sublattices for the octahedral sites, local- 
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ized nearest neighbour effects on the values of 
internal hyperfine fields, canted spin alignment, 
spin flop processes and different types of relax- 
ation process for these systems. Lithium ferrite is 
an inverse spinel ferrite with a cation distribu- 
tion Fel.0[Li05Fels]O 4. Recently, we have 
reported [9] our variable temperature 57Fe 
M6ssbauer effect experiments conducted under 
variable external magnetic fields for the lithium 
ferrite aluminate system to determine the exact 
Fe 3+ distribution and to show the existence of 
superparamagnetic Fe 3+ ions. The influence of 
these observations on the magnetic properties of 
this system was also discussed. Based on similar 
experiments, certain new observations for the 
lithium ferrite gallate system (Li0.sFezs_xGaxO4) 
are reported here to resolve some of the con- 
troversies about this system. 

Before we present our results it is appropriate 
to summarize some of the relevant results for 
this system. Based on X-ray diffraction and 
magnetization experiments, Schulke and Blasse 
[10] reported a complete solid solution for this 
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system. From the observed values of magnetic 
moment and assuming a collinear spin align- 
ment, they estimated the distribution of Fe 3+ 
between the octahedral and tetrahedral sites for 
x = 0.5 and suggested a preferential occupation 
of tetrahedral sites by Ga 3+ ions. Lopitaux and 
Linglet [11] based on X-ray and neutron diffrac- 
tion studies of Li05Fej.sGaL004, also arrived at 
similar conclusions. Zhilyakov and co-workers 
[12, 13] have investigated this system for dif- 
ferent values of x using a variety of techniques 
such as neutron diffraction, thermal expansion, 
M6ssbauer spectroscopy, etc, to understand the 
nature of exchange interactions and suggested 
the possibility of a canted spin alignment. 
Bashkirov et al. [14] investigated this sytem for 
0.0 ~< x ~ 0.8 using M6ssbauer spectroscopy 
to find the effect of gallium substitution on the 
nature of superexchange interactions, and con- 
cluded that as the Ga 3+ content is increased, the 
intrasublattice interactions become stronger and 
the intersublattice interactions weaken because 
of the reduction in lattice parameters and this 
facilitated a canted spin alignment at the octa- 
hedral sites. Later [15] they studied this system 
for 0.0 ~< x ~< 0.5 using M6ssbauer spec- 
troscopy, X-ray diffraction and magnetization 
measurements, and suggested that the exist- 
ence of Ga 3+ and Fe 3+ ions at the tetrahedral 
sites result in the fomation of magnetically 
inequivalent Fe 3+ ions at the octahedral sites. 
They also suggested that the Ga 3+ ions are 
involved in the chain of intersublattice inter- 
actions due to the transmittance of  finite spin 
density from the Fe 3+ ions into the empty 4s 
orbitals of Ga 3+ ions. This conclusion was 
mainly derived from the results of  Doroshev et 

al. [16] who showed the existence of significant 
transferred hyperfine fields at the Ga 3+ sites 
from the 71Ga and 69Ga N M R  studies of this 
system for 0.01 ~< x ~< 0.66. Doroshev et al. 

[16] also suggested the existence of  almost com- 
parable amounts of Ga 3+ ions at both the sites. 
In a recent study, Belov et al. [17] from the 
magnetization studies of Li05 Fe~.23 Ga~.27 04 have 
suggested the possibility of a canted spin align- 
ment even for the tetrahedral sites. Thus it is 
apparent that there is a lot of  controversy about 
this system and 57Fe M6ssbauer effect studies 
under large external magnetic fields can help in 
understanding some of these inconsistencies. 
Such studies are not available in the literature. 

2. Experimental detai ls  
The samples were prepared by standard ceramic 
techniques and were characterized by powder 
X-ray diffraction method using monochromat- 
ized CuKc~ radiation. All samples showed the 
formation of a well-defined spinel lattice whose 
lattice parameter decreased systematically with 
increase in gallium substitution. M6ssbauer 
spectra were recorded using a constant accelera- 
tion drive coupled with a multichannel analyser. 
The source used was 57Co in a rhodium matrix 
and was kept at room temperature. The 
absorbers were kept immersed in liquid helium 
with and without external magnetic field parallel 
to the 7-ray direction. The parameters employed 
for least square fitting the observed spectra con- 
sisted of a hyperfine field, an axially symmetric 
quadrupole interaction, isomeric shift, width and 
intensity corresponding to both the crystal- 
lographic sites. The width and intensity of the 
two inner pairs of  the magnetic sextet (say $2 $5 
and $3S4) of both the sites were related to the 
outermost pair S~$6 in terms of four adjustable 
parameters. This results in equal width and 
intensity of the two lines of any pair of  a sextet. 

3. Results and discussion 
M6ssbauer spectra for four samples with 
x = 0.3, 0.5, 0.7 and 1.1 were recorded at 298 
and 78 K and at liquid helium temperature with 
and without an external magnetic field. The 
room temperature spectra showed a typical six- 
finger pattern with a superimposed central quad- 
rup01e doublet whose relative intensity increased 
with increase in gallium content. The magnetic 
pattern was broad and unresolved due to the 
superposition of two sextets arising from the 
octahedral and tetrahedral sites. With increase 
in gallium content, the width of the magnetic 
pattern showed an increase due to the distribu- 
tion of hyperfine field values and the average 
value of the internal hyperfine field showed a 
systematic decrease. Because of the unresolved 
nature of the spectrum it was not possible to fit 
these spectra uniquely to obtain the information 
about individual sites. The spectra recorded at 
78 K showed essentially similar features with 
some reduction in the intensity of the central 
doublet and an increase in the internal hyperfine 
field. The spectra recorded at 4.2 K are shown in 
Fig. 1 along with the least square fitted envelope. 
Fig. 2 illustrates the spectra recorded at 4.2 K 
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Figure 1 57Fe M6ssbauer spectra recorded at 4.2K for 
Li0sFezs_~GaxO4; (a) x = 0.3; (b) x = 0,5; (c) x = 0.7; (d) 
x =  1.1. 

under an external magnetic field of  4 0 k G  
applied parallel to the direction of 7-rays. The 
central doublet, which was visible at room tem- 
perature, is not seen in these spectra. From Fig. 
2 it is also clear that the peaks $2 and Ss have not 
disappeared completely. For x = 0.3 and 0.5 
they are quite clearly seen. The position of these 
residual peaks corresponds to octahedral sites. I t  
is also clear that the net magnetization is parallel 
to the octahedral site magnetization. The aver- 
age values of  effective hyperfine field (Heft) for 
tetrahedral site is almost equal to (Hi,, + H~,) 
but for the octahedral sites it is more than 
(Hi,, - H~t). Both these features are arising due 
to the canting of octahedral site spins. 

The results of  the least square fitting of all 
these spectra are listed in Table I. F rom this 
table it is clear that as expected the values of  
isomeric shift (6) and internal hyperfine field 
(Hi~) are slightly less for the tetrahedral sites as 
compared to the octahedral sites, The value of 

3928 

(d).,/: : . �9 ~ , :  

(c) :. : :  

;(b) ~: :~/ 

�9 , : o 

C"}:" 

.7 

! 

71 

- 9  - -5  --I +1 + 5  + 9  
VELOCITY |ram ser "1) 

Figure 2 5VFe M S s s b a u e r  s p e c t r a  r e c o r d e d  a t  4 . 2 K  wi th  a n  

e x t e r n a l  m a g n e t i c  field o f  40  k G  for  (a)  x = 0.3, (b)  x = 0.5,  

(c) x = 0.7 a n d  (d)  x = 1.1. 

quadrupole shift parameter  

e2qQ (3 cos2 0 - 1) 
e = 2 4 

was found to be almost zero within experimental 
error for both the sites. These are the general 
observations for spinel ferrites. The other obser- 
vation which is apparent  from the table is the 
systematic decrease in the internal hyperfine field 
values for gallium substitution. This happens 
because the replacement of  Fe 3+ by Ga 3+ influ- 
ences the internal hyperfine fields at the nearest 
Fe 3+ sites through supertransferred hyperfine 
fields. 

The average value of  the canting angle C~y k 

can be derived from the observed values of  
internal hyperfine fields using the expression 

(Heft) e = (Hi.t) 2 + ( n e x t )  2 - -  2Hi.tHeft cos C~yk 

The derived values of  ayk are listed in Table I. 
For  x = 0.3 and 0.5 where the peaks $2 and $5 



T A B L E  I M6ssbauer effect parameters for Lio.sFezs_xGaxO4* 

Composition 5octa 5tetr a Internal Effective fields 
(mmsec -I)  (mmsec l) hyperfine with Hr ~ 

fields 
nocta H I  . . . .  

nocta nt . . . .  (kOe) (kOe) 
(kOe) (kOe) 

3+ 3+ Feocta/Fetetra Average 

Nyk 
(deg) 

Li0. 5 Fez5 0 4 0.43 0.29 536 519 - - 1.50 - 

Li0.5 Fez2Ga0.304 0.41 0.31 536 516 500 558 1.65 34 
Li0.sFez0Ga0504 0.41 0.31 535 515 500 556 2.03 30 
Li0.sFeL.sGa0704 0.4l 0.32 533 514 499 553 2.06 28 
Li05Fel 4GaHO 4 0.41 0.31 531 511 497 551 2.41 30 

(Powder) 
Li0.5 Fel.4 Gal.lO 4 0.40 0.31 529 503 493 543 2.50 25 

(Sintered) 

*The errors in the estimation of  isomeric shift and hyperfine field values are _+ 0.02 mm sec i and __. 2 kOe, respectively. 

are well defined, the values of  eyk have also been 
estimated from their area measurements and 
these values of  (~yk a r e  in good agreement with 
the values listed in Table I. For  higher values of  
x the width of the $2 and $5 peaks is very large 
and their area measurement is not so precise to 
estimate the values of  ~yk- This excessive width 
may arise due to the distribution of eyk and the 
internal hyperfine field values, which is more 
likely to happen for higher concentrations of  
gallium. From these observations it is clear that 
the suggestion of Belov et al. [17] about  the 
existence of  a canted spin alignment for the 
tetrahedral sites is not correct. 

The correct Fe 3+ distribution between the 
octahedral and tetrahedral sites has been 
obtained from the analysis of  the spectra 
recorded under an external magnetic field (i.e. 
Fig. 2) where the outermost  peaks are well 
resolved and their areas can be measured with 
good accuracy. In this calculation, appropriate  
correction was made for the residual areas 
covered under peaks S2 and S 6 which arise due to 
octahedral sites alone. These area ratios have 
been listed in Table 1. Since at 4.2 K the recoil 
free fraction for the octrahedral and tetrahedral 
sites can be treated as equal and if small satu- 
ration effects can be ignored, this area ratio 
represents the distribution of Fe 3+ between the 
two sites. This distribution is slightly different 
from that derived from magnetization and 
neutron diffraction studies of  earlier authors. 
The main reasons for this discrepancy are the 
possible existence of  superparamagnetic Fe 3§ 
species and the occurrence of canted spin align- 
ment at the octahedral sites. I f  it can be assumed 

that all Li + ions remain at the octahedral sites as 
suggested from X-ray diffraction studies of  this 
system [10], the complete cation distribution for 
different compositions can be written as 

x = 0.0; Fei.o[Lio.sFel.5]O 4 

x = 0.3; Feo.a3Geo.17[Lio.sFelmGao.t3]O 4 

X = 0.5;  Feo.66Gao.34[Lio.sFel.34Gao.16]O 4 

x = 0.7; Fe0.59Ga0.al[Li0.sFel.21Ga0.29]O4 

x = 1.1; Fe0.4iGao.sg[Li0.sFe0.99Ga0.sj]O 4 

From this it is clear that Ga  3+ has a slight 
preference for tetrahedral sites which is in con- 
formity with earlier suggestions. 

In order to see the effect of  sintering on the 
cation distribution we investigated one of  the 
compositions, i.e. Ga  = 1.1, which has favour- 
able properties for certain applications. The 
sample was pressed in the form of  a pellet and 
sintered at about  1350~ for a few hours. 
M6ssbauer spectra recorded at room tem- 
perature for the sintered and powder sample 
showed the features characteristic of  relaxation 
effects and were found to be slightly different. A 
broad sextet superimposed on a central quad- 
rupole doublet was observed for both the 
samples. The spectrum for the sintered sample 
was more collapsed. However at 4 .2K the 
observed spectra were almost identical. The 
derived cation distribution and ~yk values for the 
sintered product are quite similar to that of  the 
powder sample. However  the value of internal 
hyperfine field for the tetrahedral site was found 
to be slightly less. 

The observation of a central doublet along 
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with the magnetic sextet at temperatures far 
below TN, has been reported for a number of 
diamagnetic substitutions in lithium ferrite. 
Some authors believe that the method of 
preparation is an important factor in deciding 
the origin of these lines. In a previous publi- 
cation [9] we have given a detailed explanation 
of the origin of the central doublet in terms of 
nearest neighbour diamagnetic configurations of 
any Fe 3+ ion. However, the existence of finite 
spin density at the gallium sites as seen from the 
N M R  experiments [16] can create some dif- 
ference and weaken the effect of diamagnetic 
substitution. The fact that the observed line 
widths for the octahedral and tetrahedral sites 
are almost comparable (I'oc t ~ Ftetr a ~ 0.45 __+ 
0.05 mm sec ~) implies that there is no multiple 
sublattice formation for the octahedral sites as 
seen for some other diamagnetically substituted 
spinel ferrites [18, 19]. This observation also 
suggests that the spread in the value of hyperfine 
field for both the sites is also comparable for 
both the sites. Owing to the existence of spin 
density at the gallium sites, the effect of a vary- 
ing number of Ga 3§ as the nearest neighbours on 
the value of internal hyperfine field at the Fe 3§ 
sites may be less pronounced than that of A13+ 
substitution. For  both AI 3+ [9] and Ga 3+ sub- 
stitution the decrease in the internal hyperfine 
field at the tetrahedral sites is more pronounced 
than the octahedral sites. Both these features are 
apparent from the comparison of  present results 
and the results reported earlier for the 
Li0.sFez5 xAlxO4 system [9]. For a number of 
diamagnetically substituted ferrites [18-21] the 
existence of localized spin canting instead of 
Yaffet-Kittel type average spin canting has been 
suggested from the analysis of the broad mag- 
netic pattern into multiple components. This 
arises either due to the formation of  superlattice 
on octahedral sites or due to a varying number 
of diamagnetic nearest neighbours for Fe 3+ ions. 
The observed line widths for this system are not 
so excessive (see Fig. 2) and our attempt to fit 
these spectra in terms of localized spin canting 
characteristics of varying nearest neighbour con- 
figurations, did not give unique and consistent 
results for different compositions. 

In conclusion, we have shown that the spin 
canting exists only for the octahedral sites. The 
average value of spin canting and the distribu- 
tion of Fe 3+ between the octahedral and tetra- 
hedral sites has been determined. The effect of 
sintering on these parameters has also been 
studied for the Lio. SFeL4Gal.~04 composition. 
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