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Room- tempera tu re  crystal  s t ructure  of  a new spinel (formula: Li0.75Fe4.75Zn05Os) obtained by ionic 
exchange  from/3" ferrite compound  (formula: Na 1.3K0.6Fe~0 iZn0.9OiT) is refined from X-ray single crystal  
data. The  compound  is cubic  (space group P4332 ) with cell parameter  a = 8.239(1) ,~. Crystal  s t ructure  
and distr ibution of  Li, Zn,  and Fe cat ions among  the different crystal lographic sites have  been deter- 
mined.  Magnetic  propert ies and influence of  anneal ing have been studied. Coercive field reaches  a 
value up to 134 Oe for a crystallite size lower than 0.2 # ,  as a consequence  of  a s t rong shape 
anisotropy.  �9 1992 Academic Press, Inc. 

1. Introduction 

/3" alumina related materials are excellent 
ionic conductors. Isostructural compounds 
can be obtained, substituting Fe 3+ cations. 
Powder and single crystals of a sodium- 
potassium /3" ferrite showing ferrimag- 
netic properties of chemical formula 
(Na, K)I +xFell _xZn~O17 (x - 0.9) have been 
synthesized recently (1) by using bivalent 
Zn 2+ cation in order to stabilize the struc- 
ture. Single crystals have a platelet shape 
and crystallize in the rhombohedral R3m 
space group, hexagonal c axis lying perpen- 
dicularly to the platelet plane. According to 
magnetic measurements (1, 2) a weak ferro- 
magnetic component is superimposed to an 
antiferromagnetic component in the /3" 
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(Na, K) ferrite, the magnitude of this com- 
ponent depending on the exact chemical 
composition of the compound. 

A series of new compounds derived from 
this /3" ferrite have been obtained by ion 
exchange in molten salts by either complete 
or partial substitution of Li +, Ag +, Ca 2+, 
Sr 2+, Ba 2+, and Pb 2+ cations for large cat- 
ions (Na +, K +) (2-4). In some cases these 
new ferrites have magnetic properties and 
crystal structure very different from the 
original/3" ferrite (1, 2). The case of the Li +- 
exchanged/3" ferrite is particularly interest- 
ing, since after ionic exchange a spinel-like 
crystal with platelet shape is obtained. The 
present work has been undertaken in order 
to examine the crystal structure and mag- 
netic properties of this new spinel phase. 
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2. Experimental 

A powder  of/3" (Na, K) ferrite of nominal 
composit ion Na~.3Ko.6Fe~o.lZno.9017 has 
been used as starting material. Details about 
the synthesis is given elsewhere (1). The 
ionic exchange has been carried out in a 
molten salt of  LiNO3 at T = 370~ for t = 
20 hr. After exchange,  the product  was sepa- 
rated from the salt with boiled water  and 
cleaned with distilled water. 

The X-ray diffraction pattern shown in 
Fig. 3b can be indexed on the basis of  cubic 
cell, with parameter  (a) = 8.23(5) A. Micro- 
crystals of the exchange spinel are in platelet 
form; the crystal morphology is retained 
during the ionic exchange. The crystal size 
can vary from 0.1 to 0.3 mm. 

Examinat ion of  a single crystal (extracted 
from this powder  preparation) with the pre- 
cession camera reveals that the space group 
is cubic primitive: P4~32, or its enantio- 
morph P4332. 

Differential thermal analysis measure- 
ments on exchanged powder  spinel phase 
show a slow change in the slope of the AT 
curve,  beginning at 650~ This effect is 
probably due to an ordering phenomena on 
the octahedral  sites as in the o~-L,~FesO s spi- 
nel case. In order  to determine the exact 
chemical formula of  the exchanged spinel 
and the distribution of  Li, Zn, and Fe cations 
on all sites, we performed a structural re- 
finement from single-crystal data. 

3. Crystal Structure 

The single crystal we studied was in plate- 
let form of  dimensions 0.20 mm • 0.25 
mm • 0.09 mm and was extracted from the 
exchanged powder  sample. Data collection 
has been performed by using a CAD4 four- 
circle diffractometer  with AgKa  radiation. 
The cell parameters  as revealed by centering 
of  reflections are a = b = c = 8.239(1) A. 
All reflections from a �89 sphere in (3 ~ < O < 
30 ~ range were measured with the co-scan 

technique (scan with: A~o = 1.4 ~ speed = 
0.93~ A total of  7903 reflections were 
measured; after averaging according to the 
432 Laue Class, 478 independent reflections 
with F > 30- were retained. The structural 
refinement was carried out with En ra f -Non-  
ius structure determination p a c k a g e - - S D P  
(5); "in situ" absorption correct ion was per- 
formed. The weight attributed to each re- 
flection during the refinement was w = 
I /0-2(F0) where 0-(F0) was classically de- 
fined as in Ref. (11) (stability factor: 0.04). 
Diffusion factors of neutral atoms have been 
used. The starting atom parameters  we used 
were those reported for the spinel o~-LiFe5Os 
(6). 

In the case of a (Li, Zn) spinel structure 
the chemical formula can be written 

[Fel xZn.,][Fe~3+x)/2Li~l x)/2104, 
A B 

where A stands for the tetrahedral sites of  
the spinel structure and B for the octahedral  
sites. 

At the beginning of the refinement we had 
to determine: 

(a) the Zn 2+ location into the structure; 
(b) the repartition of Li+, Fe 3 + cations on 

the octahedral sites of the structure; and 
(c) the right space group (P4132 or its en- 

antiomorph P4332). 

At the early stages of  refinement, we re- 
fined the atomic positions and the isotropic 
thermal parameters in the space group 
P4332. Then we refined atom populations on 
the sites. 

The refined population of the lithium and 
Fe 3+ atoms are given in Table I; from the 
refined values of the population parameters  
we may conclude: 

(1) The (4b) octahedral  site is partially 
occupied by Fe 3+ cations, while the refined 
population is much greater than the theoreti- 
cal one. 

(2) The (8c) tetrahedral site is probably 
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TABLE I 

COMPARISONS BETWEEN THEORETICAL AND CALCU-  

LATED POPULATION PARAMETERS FOR THE Li, Fe 
ATOMS IN THE L i - E X C H A N G E D  SPINEL COMPOUND 

TABLE III 

INTERATOM1C DISTANCES OF 

CATION COORDINATION POLYE- 

DRA (A)  

Theor. Obs. 
Atom Position population population 

Fe l  8c 1.0 1.038 (6) 
Fe2 12d 1.0 0.894 (6) 
Li 4b 1.0 5.21 (2) 

occupied by Zn 2+ cations. In the spinel-like 
structure the Zn 2+ ions generally occupy tet- 
rahedral positions; in addition, Zn 2+ cations 
are located in the tetrahedral sites of the 
spinel blocks of the starting/3" (Na, K) fer- 
rite as revealed from the single crystal's re- 
finement (2). As a matter of fact, the refined 
value of population of the (8c) site is slightly 
greater than the theoretical one (see Table I). 

(3) The (12d) octahedral site is partially 
occupied by lithium atoms. The refined pop- 
ulation of this site is apparently too weak. 

Following to that analysis, by comparing 
between the theoretical and refined popula- 
tion parameters the exact repartition of Li +, 
Fe 3+, and Zn 2+ atoms in the different sites 
was deduced. After fixing the occupation 
parameters, we refined both the atomic posi- 
tion and the isotropic thermal factors. 

The final refined atomic positions are 
given in Table II. The introduction of aniso- 

TABLE II 

F I N A L  POSITIONAL AND ISOTROPIC THERMAL 

PARAMETERS (P4332 SPACE GROUP) 

Atom Posit. Population x y z B(~fl) 

Fel 8c 0.75 0.0 0.0 0.0 0.35(2) 
Zn 8c 0.25 0.0 0.0 0.0 0.35(2) 
Fe2 12d 0.90 ~ 0.3750(5) �88 - 3" 0.42(2) 
Li2 12d 0.10 ~ 0.3750(5) �88 3" 0.42(2) 
Fe3 4b 0.55 ~ ~ ~ 1.1(1) 
Li3 4b 0.45 ~ ~ ~ 1.1(1) 
O1 24e 1.0 0.1316(7) 0.1377(6) 0.8698(7) 0.26(4) 
02 8c 1.0 0.3737(7) x x 0.46(8) 

Note .  wR = 5.7%, R = 7.0%. 

Fel  tetrahedron 
FeI -O1  1.915(3) ( x 3) 
F e l - O 2  1.818(2) ( x 1) 

( F e l - O )  1.890(3) 
O1-O1 3.111(3) (x3 )  
OI -O2  3.063(6) ( x 3) 

Fe2 octahedron 
Fe2-OI  1.971(3) ( x 2) 
Fe2-OI  2.044(3) ( • 2) 
Fe2-O2 2.078(2) ( x 2) 

(Fe2-O) 2.031 (3) 
0 2 - 0 2  2.945(5) ( x 1) 
O1-O1 2.861(6) ( x 5) 
O1-O2 2.828(6) ( x 3) 
O1-O2 2.908(6) ( • 3) 

Fe3 octahedron 
Fe3-OI  2.044(3) ( x 6) 
O1-O1 2.781(3) ( x 6) 
O1-O1 2.996(6) ( x 6) 

tropic thermal parameters did not lead to 
better results (these ones could not be de- 
fined, probably because of the presence of 
domains, in the crystal, belonging to two 
enantiomorphic space groups (P4132, 
P4332). In the case of o~-LiFesO8 such do- 
mains have been evidenced by transmission 
electron microscopy (7). 

Therefore, the chemical composition is 

[Fe2.TLio.3, Feo.55Lio.45] [Fel.sZno.5] Os, 
B I B 2 A 

where B I, B~ denote two octahedral sites 
and A denotes a tetrahedral site. 

A structural refinement considering the 
P4132 group did not give better results (the 
reliability factor at the end of the refinement 
was slightly higher in comparison to that 
shown in Table II). More significant inter- 
actomic distances, in the different polyedra 
of the structure, are shown in Table III. 

On the other hand, we have calculated the 
effective valence of the different cations and 
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TABLE IV 

CALCULATED VALENCES OF OCCUPIED SITES IN 
Lio.75Feg.vsZno.508 

Cation 
Sites O(1) 0(2) valence 

( •  ( •  
8c [Fe(1)] ( •  0.650 • 0.856 2.8 

( x l )  
( x 2) 0.557 ( • 3) 

12d [Fe(2)l (x  1) ( •  0.421 2.9 
( • 2) 0.459 

4b [Fe(3)] 

Oxygen 
valence 

(• 
( x 6) 0.459 2.7 

2.1 2.1 

Note. Multiplicities of coordination bonds (hori- 
zontaly and verticaly in the table) are indicated between 
brackets. 

anions of the structure, on the basis of the 
Brown's model (8): V~ = EjSij and V. = 
Zi& j, where Sij = (Dij/R)-N; Dij stands for 
the distance between i cation andj  anion, R 
and N are constants depending on the cat- 
ion. We have shown in Table IV the results 
of this calculation. The 0.4 Zn 2+ cation by 
formula unit in the (8c) site is found from 
the calculated valence, in agreement with 
the refined population parameter. Calcu- 
lated valences on the 12d and 4b sites, con- 
firm the partial occupation of these sites by 
lithium, but the corresponding population 
parameters (0.15 and 0.15), are too small. 
This is not surprising, because it is well 
known that Brown's or Zachariasen's va- 
lence calculation methods do not give good 
results with alkali cations (12). 

4. Magnetic Properties 

Magnetization measurement have been 
performed at S.N.C.I. Laboratory in Greno- 
ble, on exchanged spinel powder. The Curie 
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FIG. 1. Influence of annealing at the magnetization 
curve for a powder sample of (Li, Zn) exchanged com- 
pound. 

temperature is Tc = 575(5)~ Figure 1 
allows to compare the magnetization curves 
at T = 4 K of a powder sample before and 
after annealing at 600~ during 24 hr; it is 
evident from Fig. 1 that, before annealing, 
magnetization saturation is not reached, 
even at magnetic field as high as 200 kOe. 
After annealing the magnetization curve 
tends to be more easily saturated; the value 
of the magnetization is about 80 emu/g; Fig. 
1. Therefore, the magnetic properties de- 
pend strongly on the thermal treatment of 
the sample; however, in all cases the magne- 
tization vector lies in the platellet plane, par- 
allel to the ( l l l )  plane of the cubic cell. 
Figure 2 shows the variation of the coercive 
field with the crystal grain size; the higher 

140 

,oo 

81D 

6O 

4O 

o 

-----__...__ 

100 10 ~ 102 103 

t (p) 

FIG. 2. Variation of coercive field with crystal grain 
size (t) for a spinel (Li, Zn) exchanged compound. 
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FIG. 3. X-ray diffraction pattern from (a) Na13Ko6Fe101Zno9Oj7 starting material; (b) (Li, Zn)- 
exchanged spine! compound. 

observed value is Hc = 134 Oe, with crys- 
tallites of 0.2/xm size. 

5 .  D i s c u s s i o n  

(a) Structural Properties 

As revealed from electron microscopy 
studies (1, 9) the conduction region of the 
original/3" ferrite disappear during the ionic 
exchange and the adjacent spinel blocks are 
joining after exchange; the [111] crystal axis 
of the obtained spinel is parallel to the pre- 
vious hexagonal axis of the [3" ferrite 
structure. 

The refined chemical unit formula of the 
compound is Li0.75Fe4.75Zn0.50 8. As the 
starting/3" (Na, K) ferrite powder had the 
nominal composition Na].3K0.6Fem]Zn0, 9 
Olv, we may note that before and after ionic 
exchange the amount of Zn +z remains prac- 
tically unaltered and positioned in the tetra- 
hedral sites of the spinel structure. 

The superstructure reflections with h, k, 
l, indices not having the same parity are 
not visible on the powder X-ray diffraction 
pattern. Nevertheless, they appear on the 
single crystal's diffraction patterns obtained 
with the precession camera. Many weak su- 
perstructure reflections have also been col- 
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FIG. 4. Electron microscopy analysis of a large (Li, Zn) exchanged crystal; narrow B" type domains 
are still present. 

lected with the four circle diffractometer. A 
possible explanation is that in fact the order 
of the Fe3+/Li + cations on the octahedral 
sites of the exchanged spinel structure is 
incomplete, so the superstructure reflec- 
tions do not appear on the powder diffrac- 
tion pattern. 

A significant broadening of the (333) re- 
flections in the X-ray diagram of Fig. 3 re- 
veal the presence of stacking defects. Also, 
X-ray diffraction patterns performed with 
:he precession camera show the presence 
~f streaks along the [111]* direction of the 
-eciprocal lattice. These stacking defects 
.end to disappear after annealing at 600~ 
~s it is confirmed by X-ray diffraction. 

b) Magnetic Properties 

In this spinel a relatively strong shape an- 
sotropy exists which is responsible for the 

relatively important value of the measured 
coercive field; this field is much higher than 
~-LiFesO8 (Hc = 4 0 e )  prepared by direct 
synthesis methods (10). 

On the other hand, stacking defects in this 
spinel structure are hindering domain wall 
displacements. After annealing, the defects 
disappear and the magnetization tends to be 
saturated at high fields. According to the 
chemical formula found by crystal structure 
refinement, the saturation magnetization, 
should be 113 emu/g at 0 K, considering 
a colinear ferrimagnetic arrangement. This 
value is higher than the observed one 
(about 80 emu/g at 4 K) on powder. The 
observed saturation magnetization using a 
large single crystal is yet much lower (about 
60 emu/g). 

A likely explanation is that, in reality, 
the exchange is not complete into large 
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grains or crystals. Some small domains 
with the starting fl" ferrite structure, still 
unexchanged, could drastically reduce the 
magnetization of the sample. A study, by 
high-resolution electron microscopy, con- 
firms the existence of such domains; see 
Fig. 4. 
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