Structural and magnetic characterization of the lithiated iron oxide Li, Fe;0,
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The Rietveld profile-analysis method is used to investigate the x-ray diffraction pattern of
lithiated Fe,0,. It is shown that, after exposure to air, pure magnetite coexists with a Jithium-
inserted Ei, Fe,O, phase. The Mdssbauer spectra at 300 and 4.2 K have been used to estimate the
lithium content of the sample, the pure magnetite concentration, and the iron distribution over
the available 16c and 164 sites of the spinel structure. Magnetization measurements from 4.2 to
120 K with an external magnetic field up to 150 kOe have been used to obtain the saturation
magnetic moment, the magnetic anisotropy constants, and the susceptibility. It is concluded that
a noncollinear spin structure should be present in Li, s Fe;O,. These results indicate that there is
no room-temperature extrusion of iron even for x—2.0, but that on exposure to air Li,Fe,O,
samples with x > 0.5 are oxidized at room temperature by delithiation.

INYRODUCTION only octahedral-site cations. The atomic configuration is

Room-temperature Li*-ion mobility in a close-packed  then (Li, 40, _,) [B,]O, x. <x <1, where the parenthe-
array of oxide ions is now well established. In the layered S¢S enclose cations and vacancies [] randomly distributed on
compounds Li, _ . MO, (M =V, Cr, Co, or Ni), thereisa Sites 16c and the square brackets host B cations on 164 sites
degree of freedom along the trigonal axis perpendicular to of the space group f‘d 3m. Tt?us room-temperature lithiation
the layers, and a room-temperature chemical-diffusion coef- ~ of an 4 [B,] 94 spinel to (Lid ) [B,10, produces a rocksalt
ficient D =5.0x10""% m¥/s for Li*-ion motion in  Structure having a peculiar cation ordering.

Li, _,Co0, has been measured by pulse techniques' and by In the case of Li, Fe,0,, room:temperature Iithlioation m
three independent methods with complex-impedance analy- ~ €Xces$ of x = 1 was observed, and it was concluded ® that in
sis.2 the compositional range x > 1 the x — 1 excess Li™* ions oc-

Lower, but nevertheless significant, three-dimensional
Li™*-ion motion has been established in compounds with the
{B,]O, framework of an 4{B,]O, spinel.** The observa-
tion™® of the room-temperature instability to oxidation in
the spinel system Li{Li, Ti,_, JO, first signaled that Li™
ions are mobile at Jow temperatures in oxospinels, and inde-
pendent electrochemical lithiation of Fe,O, (Ref. 7) and
Li[Ti,}O, (Ref. 8) as well as chemical delithiation of
Li[Mn,]O, (Ref. 9) established that this is indeed the case.

Investigation of the process of lithiation in Li, Fe,O,
(Refs. 10 and 11), Li,Mn,0,, and Li, , ,[Mn,}O, (Ref.
12) has led to the conclusion that the guest Li atoms enter
the empty octahedral sites of the 4| B,]O, spinel structure,
the sites 16¢ of space group Fd 3m (see Fig. 1), as Li* ions;
their charge-compensating electrons reduce the host, but the
[B,]0O, subarray is otherwise unperturbed. However, a
strong electrostatic repulsion between an interstitial Li™ ion
on a site 16¢ and its two neighboring tetrahedral-site 4 ca-
tions on sites 82, which share common faces with sites 16¢,
induces a displacement of the 4 cations from the 8a sites.
Beyond a critical concentration x, of interstitial Li, the cu- FIG. 1. Spinel unit cell. Only one-half is shown with respect to the 8a and 85
bic-close-packed oxide-ion array contains, in most cases, sites, and one-quarter with respect to the other sites.
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cupy tetrahedral sites 8a and/or 48 /. However, at higher
temperatures (400 °C) extrusion of elemental iron made the
lithiation process more complex;'' this observation raises
the possibility that iron extrusion aiso occurs at room tem-
perature.

The initial room-temperature investigation'? of lithiat-
ed magnetite Li, Fe;0, did not permit an adequate deter-
mination of the crystaliographic reliability factor or any oth-
er quality-of-fit parameter. In this paper we present data
obtained from a quantitative fit of the complete x-ray-dif-
fraction profile based on the Rietveld method.

This paper also reports for the first time preliminary
Mossbauer and magnetization investigations of the magnet-
ic properties of lithiated magnetite. From the spin-wave
spectrum of ferrimagnetic Fe,0,, Torrie'* has shown that
the Fe,-Fey interactions are weakly ferromagnetic; a high
Curie temperature {7 = 850 K (Ref. 14) ] is due to the
strong, antiferromagnetic Fe,-O-Fey interactions. Dis-
placement of the tetrahedral-site Fe, iron to octahedral sites
in lithiated Li, Fe,O, would introduce a different magnetic
order with the possibility of a different ferrimagnetism due
to the unusual cation ordering present. Mdssbauer data'* ¢
have established the existence of fast electron transfer
(r<107% 5) between Fep ions at room temperature in
Fe),* [Fep* Fe3* 10, but below the Verwey transition at
T, = 120 K discrete Fe,* and Fe3* species can be detect-
ed. The Mossbauer data provide an independent measure of
the mean valence state, in the case of fast electron transfer, or
the relative valence-state populations in the case of slow (rel-
ativeto 10~ " s) electron transfer. They should also give inde-
pendent evidence of any extruded metallic iron, which
would generally be undetected by x-ray diffraction.

EXPERIMENTAL PROCEDURE

Lithiation of Fe,O, (Cerac Inc., purity >99.5%,

— 325 mesh) was carried out chemically using z#-butyl-lith-

ium under a nitrogen atmosphere. Further details on the
synthesis procedure can be found elsewhere. '

Chemical analysis of the Li, Fe,O, sample was carried
out by atomic-absorption spectroscopy. If it is assumed that
the final compound is a single phase with a homogeneous Li
distribution, an x = 1.7 value is obtained, correspondingtoa
compositional formula Li, , Fe,0,.

The x-ray-diffraction pattern was obtained on a Siemens
D500 diffractometer with CuKa radiation (1.5405 and

1.5443 A) and a graphite analyzing monochromator. ’I’he:j

data were collected with the usual step-scanning procedure
(A step = 0.04° time per step of 10s) from 16° to 100° (26).

The Mossbauer spectra were taken at 300 and 4.2 K
with *’CoRh and *’CoPd sources, 512 and 1024 channels
respectively, and a constant acceleration drive system. Cali-
bration was done with respect to a-Fe at room temperature.
Thermomagnetic measurements were carried out in an ex-
traction magnetometer (Service National Champs Intenses,
Grenoble) in a temperature range from 4.2 to 120 K with an
applied magnetic field up to 15 T.

X-RAY DIFFRACTION RESULTS

The data were analyzed with the DBW 3.2 version of the
Wiles and Young program.'” The quality-of-fit R factors
used are defined in the usual way by

172
R, - mo(zw,mo) - mcw:/zw.-[}’f(o)]) ,
Ry = 10 (N =P+ O)/Su 7)),
R, = 10051, ~ 1| /51,

where Y;(0) and Y,(c) are observed and calculated profile
intensities, respectively, including background contribu-
tions; w;, is the weighting factor, which takes into account the
counting statistics. N, P, and C are the number of scanning
points, fitting parameters, and constraints, respectively. 7,
and /. are the observed and calculated integrated intensities
of each Bragg reflection, respectively. The summation is
over all the points in the scan for R,,, and R ; and over all the
Bragg refiections for R, where R, R, and R stand for
the weighted pattern, expected, and Bragg quality-of-fit fac-
tors.

In the fitting procedure, asymmetry at lower angles and
monochromator corrections were inciuded. The back-
ground has been fitted with a polynomial function. The zero-
point correction has also been included. In all refinements,
only an overall isotropic temperature factor was used be-
cause the quality of the data was insufficient to justify the
refinement of individual isotropic temperature factors.

The pseudo-Voigt profile function has been used, fol-
lowing Young and Wiles.'® The fit has led to a pseudo-Voigt
n factor very close to 1.00, which shows that equally good fits
would be obtained with a Lorentzian profile.

Analysis of the data has carried out on the basis of the
proposed room-temperature lithiation process'® for the lith-
ium incorporation. It can be summarized as follows:

(F33+)8a [Fe; +/2+ ]‘MOA;_;(LixtFe3+/2+)wc U:-e;s+/2+ ]IMOA

c

1
— (Li*Fe**2%), [Fe3+ 2+ 116,04

1—x.Li

n

l-gL(Li*')&,,“, (Li*Fe* ") 6 [ Fe3 ™ 116404

III

—» 4Li,0+ 3 Fe,
6.0Li
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where x_ indicates a critical concentration (x, <0.1) above which a cooperative displacement of the 8a Fe*>* ions into the

empty 6¢ positions takes place.

Our procedure was to investigate the profile-refinement data for the following structural models:
(i) (Li,_ Fey)g, (LiFe,_ )16 [Fe]16405 y<2—x, x>1,

(l.l) (Lix—-l—yFey)Ba(Lil+yFel—y)l6c[Fe2}l6d04:
(111) (Lix~ 1—y )M{Liy}lsf (LiFe)IGc [Fez]lwom

(iv) a-(Li,_;_,Fe )e, (Liy ., Fe,_ )16 [Fe;l16a04 + B-Fes0,

In all four cases, the lithium concentration x is taken to
be the value obtained from the chemical analysis. These four
models support different physical situations that should be
made clear. Model (i) allows an incomplete occupancy of
the octahedral 16¢ positions and the coexistence of Fe in 8a
and 16¢ positions. In model (ii) the cationic distribution is
constrained to give complete occupancy of the 16¢ sites.
Model (iii) allows the presence of Li in the empty tetrahe-
dral 48 f positions and constrains the Fe ions into octahe-
dral positions, which are fully occupied. Finally, with model
(iv) we investigate the presence of a pure magnetite phase
together with the lithiated phase. In that case the actual val-
ue of x in the lithiated phase is dependent on /3; in principle,
it should be possible to estimate § = 1 — a by an iterative
process. The reasons for considering this model are given
below.

In Table I we summarize the vajues obtained for y, a, u,
B, R,,, and R, for all the models.

In Fig. 2 we show the fitted x-ray diffraction pattern for
model (i) together with the pattern difference between the
observed and calculated data. Inspection of the pattern dif-
ference clearly reveals that the calculated pattern is system-
atically displaced toward lower angles with respect to the
experimental pattern. In addition, the computed intensities
of the (111) and (220) lines are higher and lower, respec-
tively, than the observed lines, suggesting that the occupa-
tion fraction of the Fe ions in the tetrahedral positions
should be higher than the value obtained from the fitting.

The fits for models (ii) and (iii) reveal the same fea-
tures; in addition, mode! (iii) leads to an unacceptable value
of the lithium content (3.277 ions/formula unit) in the te-
trahedra! 8a positions and consequently a negative occupa-
tion of the 48 f sites in order to preserve the total Li concen-
tration in the sample. In this case, the x coordinate of the
48 f position was kept fixed to its deal 3/8 value because it
was impossible to reach a convergent fit when allowing free
variations of this coordinate and because the R factors and
the occupation fraction were insensitive to the x-coordinate
value.

-

All these results show that, in a single-phase model, the
8a sites should be occupied by strong-scatterer ions (Fe™ * )
or, alternatively, a second phase with occupied 84 positions
should be present in the sample. It follows that another
phase, presumably pure magnetite, can be present in our
sample, which justifies the proposed model (iv). Moreover,
in this type of experiment it has been commonly observed
that some particles are not lithiated, especially if the parti-
cles are exposed to air.

In order to use model (iv), we started with the assump-
tion that no Fe ions are in the 8a sites and that the octahedral
16¢ positions are full. The remaining lithium (0.7 per mole-
cule) are incorporated into the tetrahedral 8a positions.

The fitting procedure for two phases has been carried
out with the following fixed parameters: the lattice constant
(a = 8.396 A) and the oxygen parameter (u = 0.254) of
pure magnetite.'® In addition, in a first step we have assumed
that the overall isotropic temperature factors for both phases
are the same, and we have permitted independent variations
of the half-width parameters.

The purpose of this fitting was to get the relative concen-
tration of Fe;0, in the sample from the overall scale factors
obtained for each phase. With this mode}, the R, factor
drops to 15.28; see Table . The remarkably lower value ob-
tained for R, confirms the presence of “unreacted” Fe;O,
in the sample. The concentration of magnetite obtained from
the scale factors is about 15(2)%. Therefore, it follows that
the Li concentration in the lithiated phase should be correct-
ed to a new value x = 2.0 if all the Li is inserted into the
lithiated particles.

Accordingly, the fitting process has been repeated with
x = 2 and with the same restrictions and constraints in the
adjustable set of parameters. As one could expect, due to the
low scattering factor of the lithium, no significant difference
in the R, factor (15.10) and in the Fe,O, concentration
[14.7(2.0)%] was found. In Fig. 3 we show the fitted pat-
tern. Comparison with Fig. 2 clearly shows the improved
quality of the fit.

In order to check the infiuence of the constraints on the

TABLE 1. Parameters obtained from the fitting of the profile of the x-ray-diffraction pattern. y gives the cationic distribution. 2 (A) and u are lattice and
oxygen parameters, respectively. B(A?) is the temperature factor. R,,, R, and R are quality-of-fit parameters as defined in the text.

Model y a(A) u B(A?) R,, R R,
(i) 0.175(6) 8.461(1) 0.2510(7) 0.7(1) 18.28 7.73 4.83
(i) 0.192(6) 8.461(1) 0.2510(7) 0.7(1) 18.28 7.73 4.82
(iii) —2.577(1) 8.460(1) 0.254 (1) 0.9(2) 18.75 7.73 5.01
(iv) 0.000 8.465(1) 0.2508(7) 0.5(1) 15.28 7.72 4.10
1920 J. Appl. Phys., Vol. 59, No. 6, 15 March 1986 Fontcuberta et 4. 1920
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FIG. 2. X-ray diffraction pattern for Li, Fe,Q,, fitted with model (i).

fit, we have run a new set of refinements that allow for free
variations of the overall temperature factors, but keep equal
the variations and values of the half-width parameters. This
procedure gives R, = 15.28 and 17(2) % of magnetite.

In summary we can conclude that a pure magnetite
phase remains in the sample at a concentration of about
15(2% ). From chemical analysis, this conclusion leads us to
infer a complete reduction of the iron of Fe?* in the lithiated
particles (x = 2). However, it is not possible to check this
inference with an accurate Li concentration from the x-ray
diffraction because the low scattering factor of Li means that
a variation in the Li concentration may give similar R,
factors.

This latter fact has been tested for x = 1 and 0.5, which
give R, values of 15.56 and 15.77, respectively. Therefore,
additional measurements are required in order to get new
information about the actual Li content of the lithiated parti-
cles. For this, we have the isomer shifts obtained by Moss-
bauer data; see below.

Inspection of the difference pattern in Fig. 3 reveals a
remarkable feature that should be mentioned. It is apparent
that at 21.28°, 31.74°, and 34.08° (20) some weak lines exist
that cannot be indexed on the basis of the Fd 3m space group.
It may be argued that these lines correspond to impurities in
the sampie; however, the fact that they can be indexed very
approximately as (200), (221), and (310) reflections when
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FIG. 3. X-ray diffraction pattern for Li, Fe,O,, fitted with model (iv).
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FIG. 4. Mossbauer spectrum of Li, Fe,O, at 300 K.

using the fitted lattice parameter suggests some sort of super-
structure has been established. An ordering of Li and Fe on
16¢ sites of the Fd 3m space group could reduce the symme-
try to a tetragonal space group.

MOSSBAUER SPECTROSCOPY DATA

The Mossbauer spectra of our Li, , Fe,O, sample have
been recorded at room temperature and 4.2 K in order to get
some new structural and magnetic information. Figure 4
shows the room-temperature Mossbauer spectrum. The
more relevant characteristic of this spectrum is the coexis-
tence of a nonmagnetically ordered phase together with an
ordered one. This spectrum has been initially fitted with a
superposition of two sextets together with two broad single
lines. In Table II we summarize the Mossbauer parameters
obtained from the fit.

Inspection of these data shows that the Mdssbauer pa-
rameters of the magnetic phase are very close to those ob-
served for the room-temperature standard magnetite [iso-
mer shift (IS) = 0.25 and 0.65 mm/s, hyperfine magnetic
field (HF) = 493 and 460 kOe (Ref. 16) }. Therefore we can
assign these two sextets to the nonlithiated magnetite phase
in our sample. In addition, from the percentage of their area
in the spectrum the fraction of magnetite in the sample can
be calculated if equivalent recoil-free fractions are assumed
for all iron nuclei. With this assumption, the concentration
of magnetite is found to be about 16%, in remarkably good
agreement with the x-ray-diffraction result.

On the other hand, the fit of the two inner single lines
has led to very broad lines [full width at half-maximum
(FWHM) = 0.90 and 0.55 mm/s]. The line broadening in-

TABLE II. Parameters obtained from the room-temperature Méssbauer
spectrum. IS, QS, HF, FWHM, 4, and y? are the isomer shift (vs a-Fe),
quadrupole splitting, hyperfine magnetic field, half-width, percentage of
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FIG. 5. Room-temperature Massbauer spectrum fitted with (a) two single
lines and (b) two quadrupole doublets with intensity ratio 1:2.

dicates that there may be some line splitting present that was
unresolved by the large-velocity range used in the measure-
ment. Therefore, the room-temperature spectrum was re-
corded again in a velocity range + 3 mm/s in order to in-
crease the resolution of the central part. Figure 5(a) shows
the result; it does not reveal any additional structure that
could improve the fitting procedure.

The spectrum of Fig. 5(a) was initially fitted with a
superposition of two broad single lines as was done for the
high-velocity spectrum. The results, Table I1I(a), are simi-
lar to those reported in Table II.

If two quadrupolar splittings are introduced to account
for the line broadening, an appreciable reduction in y? is
obtained [see Table III(b)] and the IS values are signifi-
cantly altered. More significant is a reversal in the relative
intensities of the lines and an intensity ratio of about 2, which

TABLE III. Parameters obtained from the room-temperature Mdssbauer
spectrum. The symbols have the same meaning as in Table II.

the total area, and the quality-of-fit factor, respectively. IS (mm/s) QS (mm/s) FWHM (mm/s) A (%) b
IS (mm/s) QS (mm/s) HF (kOe) FWHM (mm/s) A4 (%) Y’ (a) 0.51(1) - 0.91(2) 77(3) 1.51
1.16(1) - 0.67(4) 33(3)
0.24(6) 0.00(5) 499(5) 0.32(9) 5.3(2.5) (b) 0.39(5) 0.32(10) 0.71(7) 39(3) 111
0.73(6) 0.00(5) 472(5) 0.77(9) 11.1(2.0) 0.86(4) 0.56(7) 0.71(7) 61(3)
0.52(1) - - 0.92(2) 65.4(3.0) 2.60 (c) 0.38(4) 0.32(10) 0.73(7) 33(3) 1.45
1.19(2) - - 0.57(4) 18.2(3.0) 0.83(4) 0.58(7) 0.73(7) 66(3)
1922 J. Appl. Phys., Vol. 59, No. 6, 15 March 1986 Fontcuberta ot a/. 1922

Downloaded 07 Jun 2010 to 161.116.168.169. Redistribution subject to AIP license or copyright

; see http://jap.aip.org/jap/copyright.jsp



indicates that one of the lines comes from a set of sites having
twice the iron occupancy of the other set of iron-occupied
sites. Since the structural mode! has, per molecule, two Fe
atoms in sites 16d and one Fe atom in site 16¢, it follows that
the intensity ratio should be 2; and the line of larger intensity
should be associated with sites 16d and that of smaller inten-
sity with 16c¢ sites. Therefore we eliminate a variable in our
fit, shown in Fig. 5(b), by constraining the intensity ratio to
be exactly 2; the resulting parameters are given in Table
III(¢c). The only change between Table III(b) and ITi(c) is
a small increase in * due to the decrease in the number of
adjustable parameters.

From the discussion to this point, we should be able to
interpret the spectrum of Fig. 5(b) on the basis of the struc-
tural formula

(Liy _ 1 )gq (LiF&} | JFei* )y [Felf Fel* 10, (1)

1—x+y X 1—y
Moreover, from chemical analysis and the observation of
about 15% Fe,0, in our sample, we were led to expect a
compiete reduction of the iron in the lithiated phase (x = 2
and y = 1). We now ask whether this reduction is consistent
with the measured IS values.

Gupta et al.*® have compiled IS data for high-spin Fe>*+
and Fe?* iron ions in octahedral and tetrahedral sites of
several oxides, mainly spinels. For high-spin Fe** ions in
octahedral sites, they found room-temperature IS values
with respect to a@-Fe in the range 1.1 <IS < 1.3 mm/s; for
octahedral-site Fe’* ions a range 0.2 <IS <0.4 mm/s.
Where there is fast electron transfer between Fe?+ and Fe**
ions (hopping time 7, < 107%s), a mean IS is observed. For
a mixed-valence, high-spin configuration Fe™ *, on octahe-
dral sites, an empirical formula

IS,, = (2.85 — 0.85m + 0.1) mm/s (2)

may generally be used if the mean value is 2<m<3.%!

In magnetite, for example, an IS,., = 0.67(4) mm/s
falls within the empirical range IS, ; = 0.72 4+ 0.1 mm/s ob-
tained from Eq. (2). From Table 1Ii(c), the measured IS
values IS,,, = 0.38(4) mm/s and IS, = 0.83(4) mm/s
falls significantly below the anticipated value
IS,. = 1.15 + 0.1 mm/s. In fact, application of Eq. (2)
would give mean valences of Fe?2t%! and Feldt®!. The
minimum valence states m = 2.8 + and 2.3 + , correspond-
ing to maximum lithiation, give y = 0.4 and x = 0.6 in Eq.
(1), which corresponds to the structural formula

(Lige Do Fe?®+ Y iee {Feg.s * ] 16404 (3

This result is ciearly incompatible with the chemical analy-
sis.

On the other hand, lithiation of Fe,O, at 400 °C was
found to result in the extrusion of metallic iron.!' Therefore
we are forced to reconsider the possibility that some iron has
been extruded in our room-temperature lithiation.

The following observations argue against the presence
of any metallic iron in our sample:

(1) Figure 4 shows no evidence of a-Fe, which has a
well-known Méssbauer spectrum. At room temperature, the
most intense, more external lines are at 5.22, 2.97, — 3.19,
and — 5.44 mm/s.

(2) Were the iron present in such fine-particle form that

1923 J. Appl. Phys., Vol. 59, No. 6, 15 March 1986

it was paramagnetic at room temperature, a single-line
Mossbauer spectrum placed at — 0.11 mm/s should appear;
no line is present at this position in Fig. 5. It was not possible
to obtain a meaningful fit to the data with a line introduced
at this position.

(3) Noextra line belonging to a-Fe appears in the x-ray-
diffraction pattern. If present as an amorphous phase, the
iron occupancy of the 16¢ sites of the lithiated phase should
be reduced. However, fitting of the complete x-ray pattern
with the Fe/Liratio on 16c¢ sites allowed to vary gave conver-
gence for a 16¢-site occupancy Fe, ¢;5 Lig oys -

Since there is no evidence of extruded iron, we have
three possibilities to interpret our Mdssbauer data: (a) to
question the chemical analysis for lithium, which, however,
is consistent with the room-temperature electrochemical
evidence'® for a lithiation limit corresponding to Li, Fe,0,,
i.e, tox=21in Eq. (1), (b) to assume that Eq. (2) is not
applicable to the lithiated compound, or (c) to assume that
one exposure of our sampie to air, Li has diffused out of the
lithiated particles into a layer of physisorbed oxygen. As
there is extensive evidence in the literature?! for the validity
of Eq. (2) inthe presence of anionsuch as Li*, we are forced
to conclude that our sample has become lithiated on expo-
sure to air. The fact that Li is inserted at room temperature
shows that the sample can also be readily oxidized by room-
temperature delithiation. It would appear that smaller parti-
cles with a larger surface-to-volume ratio may be completely
delithiated, the Fe** in 16¢ sites returning to the tetrahedral
8a positions for x < x_; other particles appear to delithiate to
acomposition x = 0.5 in which the iron on 16¢ sites are essen-
tially all oxidized to Fe** and may be ordered.

An important feature of the room-temperature spectra
is the absence of magnetic ordering in the lithiated phase. In
the spinel phase Fe,O,, the dominant magnetic interaction
responsible for the high Curie temperature is the antiferro-
magnetic Fe,-O-Fe, (the 84-0-16d) interaction via half-
filled o-bonding d orbitals.?! In the lithiated phase, diplace-
ment of the 8a-site iron to 16¢ sites eliminates this
interaction, but it introduces similar 180° 16¢-O-16d interac-
tions.

In MnO and NiO, which have rocksalt structure, these
antiferromagnetic 180° M-O-M interactions induce an anti-
ferromagnetic coupling between adjacent (111) cation
planes. The cation ordering in the lithiated phase has three
16d to one 16¢ sites on one set of (111) planes and three 16¢
to one 16d sites on the aiternate set of (111) planes. It fol-
lows that a ferrimagnetic order should be observed below a
T in the lithiated phase. Moreover, the number of 16¢-O-
16d interactions is the same as the number of 84-O-16d inter-
actions, so a decrease of T in the lithiated phase would
reflect primarily a decrease in the magnitude of the Fe-O-Fe
interactions.

The Fe-O-Fe superexchange interaction varies as 4 ¢,
where A, = |b“|*/AE is the covalent-mixing parameter as-
sociated with the o-bonding d orbitals.”! The energy-trans-
fer (resonance) integral b5’ = (¢, H'Y,) =e(¢,,4,) is
proportional to the overlap of the cation-d and anion-p wave
functions; the energy difference AE is the energy required to
transfer an electron from the anion orbital ¢, to the cation

Fontcuberta et 2/, 1923
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orbital ¢,. For an Fe** ion, the acceptor ¢, orbital lies at the
E°(Fe** /Fe?*) redox potential in the solid; for an Fe?* ion
itis at the £ °(Fe** /Fe™ ) redox energy, which is consider-
ably higher. Therefore, reduction of the Fe** ion to Fe?+ by
lithiation can be expected to reduce significantly the
strength of the Fe-O-Fe interactions, and indeed the Néel
temperature of antiferromagnetic Fe, ;O is only
Ty =198 K. In our sample, the ordering temperature is
about 150 X, only slightly lower than the corresponding to
Ty of Fe, _;0, where the number of nearest neighbors is
higher than the number of 16¢c-O-16d interactions due to the
partial occupancy of 8a sites by nonmagnetic ions. There-
fore, we should conclude that the reduction of the strength of
Fe(16¢)-O-Fe(16d) interactions due to the complete reduc-
tion of Fe’* ions has not taken place, thus supporting the
Mossbauer results. However, we must anticipate a magnetic
ordering within the lithiated phase below room temperature,
and we can anticipate that the peculiar cationic ordering will
lead to ferrimagnetism with a spontaneous magnetization.

The Mossbauer spectrum at 4.2 K is shown in Fig. 6.
The six-finger pattern reveals a magnetic ordering of the lith-
iated phase as well as the magnetite phase at this tempera-
ture. Because of the superposition of the very complex low-
temperature spectrum of magnetite onto an even more
complex spectrum for the lithiated phase, it is difficult to
derive an accurate and meaningful fit of the 4.2-K spectrum.
The MJssbauer parameters given in Table IV were obtained
from a fit done with only two sextets, but with a Lorentzian
distribution of hyperfine magnetic fields.

Although the IS values are higher than those obtained at
room temperature for the paramagnetic component of the
spectrum, the differences (0.11 and 0.07 mm/s) are smaller
than those predicted by the second-order Doppler shift
[~7.1x107* (mm/s)/K]. If we assume that the electronic
relaxation Fe’*—Fe** has been quenched due to the tem-
perature lowering, we may interpret the 0.497- and 0.90-
mm/s IS value as corresponding to Fe** and Fe’* ions,
respectively. On the basis of this assumption, the ratio of the
areas of both sextets (53/47 = 1.14) should give the ratio of
Fe’*/Fe’* in the sample. This result is in excellent agree-
ment with the compositional formula Li, ; Fe; { FeZ f O, de-
duced in Eq. (3) from the isomer shifts of the room-tem-
perature spectrum. In addition, the smaller HF and larger
quadrupole splitting (QS) obtained for the sextet with high-
er isomer shift also support the Fe** assignment.

It is clear that if the magnetite contribution to the spec-
trum had been included, the fit would be improved. How-
ever, due to the lack of resolution and the complexity of the
low-temperature magnetite spectrum, no reliable fit could be
obtained. The large line broadening and the DHF reflects
the contribution of the impurity phase.

TRANSMISSION (%)
984 100

L 96.9 1

" 649 00 | 643 1297

5 .
VELOCITY (mm/s)
FIG. 6. Mossbauer spectrum at 4.2 K.
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MAGNETIZATION RESULTS

The magnetization (M) has been measured in the tem-
perature range 4.2<7<120 K as a function of the magnetic
field up to 150 kOe. Figure 7 shows the results obtained. The

- data have been fitted by a least-squares method to the law of

approach to saturation:

M=yH+M[1—(b/H?], (4)

where y is the magnetic susceptibility, M, is the saturation
magnetization, and b is a constant related to the anisotropy.
In Table V, we summarize the values of y, M,, and & ob-
tained from the fitting.

In our discussion of these results, we focus first on the
saturation magnetic moment. According to the x-ray and
Mossbauer results, we assume that our sample contains
about 16% of pure magnetite with a saturation magnetic
moment at 4.2 K of 4.1 u5.** The saturation magnetization
of the lithiated phase at 4.2 K is then given by

M, = 0.84M, (Li_Fe,0,) + 0.16M, (Fe,0,), (5)

which leads to M, (Li, Fe;0,) = 21.95 emu/g. If we assume
the lithium content deduced from the Mdossbauer measure-
ments (x = 0.6) is correct, then the magnetic moment of the
lithiated phase is i = 0.93 5 /formula unit.

If the 180° Fe-O-Fe interactions dominate to produce
antiferromagnetic coupling of aiternate (111) planes, then
the saturation ferrimagnetic moment for a random distribu-
tion of Li and Fe on sites 16¢c would be

My = pog = phe (6)
where u, is the mean magnetization to be associated with
ferromagnetic coupling of the iron on 16d sites and u, is that

TABLE IV. Parameters obtained from the 4.2-K Mdssbauer spectrum. DHF is the halfwidth at half-maximum of a Lorentzian distribution of hyperfine
magnetic fields. The remaining symbols have the same meaning as those in Table II.

IS (mm/s) QS (mm/s) HF (kOe) DHF (kOe) FWHM (mm/s) A (%) r
0.497(7) — 0.028(6) 514(1) 15(3) 0.54(4) 47(2) 6.53
0.90 (2) —017 (1) 467(3) 62(7) 0.81(8) 53(4)
1924 J. Appl. Phys., Vol. 69, No. 6, 15 March 1986 Fontcuberta ef a/. 1924
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FIG. 7. Magnetization vs the external
magnetic field at 4.2, 30, 77, and 120 K.
The connecting lines are only eye guides.

1]

l
0 50 100

for iron on 16¢ sites. If Eq. (6) is evaluated for Fe*™ on sites
16¢, a saturation ferrimagnetic moment u, = 1.75 u,/for-
mula unit is predicted, which is nearly twice the observed
value. The x =2 value for the Li contents deduced from
chemical analysis and x-ray data does not give any better u,
vaiue. Consequently, a canted magnetic structure should be
anticipated. In fact, the large susceptibility values observed
may be interpreted as a manifestation of a canting-angle de-
pendence on the external magnetic field.

Figure 8 shows the saturation magnetic moment of the
lithiated phase, obtained from the data of Table V under the
assumption that the 16% magnetite will give a constant con-
tribution—in the temperature range from 4.2 until 120 X—
to the total saturation magnetic moment. This plot suggests
an ordering temperature of about 150 K for the Li, Fe,O,
phase.

The fit of the M (H,T) curves with the simpiest form of
the law of approach to saturation given by £q. (4) allows us
to obtain an estimate of the first-order anisotropy constant
K, and the anisotropy magnetic field H,. By the classical
expressions K? = 1056M,/8 and H, == (k,/2)/M, which
hold for a cubic, uniaxial crystal,”> we obtained KX,

= 1.24X 107 erg/cm’ and H, = 35 kOe at 4.2 K; Fig. 9
shows the fit obtained at this temperature.

At this point, it is important to realize the substantial

TABLE V. Parameters obtained from the magnetization versus magnetic
field curves, y and M, are the susceptibility and the saturation magnetiza-
tion. 4 is related to the anisotropy.

T(K) y(10~%emusg) M, (emu/g) b (10° erg/g)
4.2 114(2) 34.1 12(1)
30.0 128(2) 335 4(2)
770 130(2) 30.5 7(2)
120.0 137(2) 25.6 2(2)
1925 J. Appl. Phys., Vol. 59, No. 6, 15 March 1986

150 k0e

increase of the anisotropy constant with respect to the corre-
sponding value for pure magnetite, where K, is about
2.5%10° erg/cm’.* It follows that the contribution of mag-
netite to the anisotropy constant of our sample should be
very small and therefore that the actual value of K, for the
lithiated phase should be very close to the measured one. The
increase of the anisotropy constant and anisotropy magnetic
field could be related to spin-orbit coupling at the high-spin
Fe*™ jons in 164 sites, which do not have a trigonal compo-
nent to the field of the type present in the spinel structure.

CONCLUSIONS

The Rietveld method for profile analysis of x-ray pow-
der diffraction patterns has been used to demonstrate the
presence of an unreacted phase Fe,O, in a sample of
Li, Fe,0, that was exposed to air, and to obtain a quantita-
tive measure of its concentration. However, we have not
been able to elucidate the position of the Liions in the lattice.

30 —T —T T
5t ]
20 r y
G
S15F .
£
A
Em 10 + .
5t .
0 1 1 L
0 30 100 150 T(K)

FIG. 8. Saturation magnetic moment of Li, Fe,O, corrected for magnetite
contents.
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FIG. 9. Fitting of the magnetization data at 4.2 K with the law of approach
to saturation.

The presence of some weak diffraction peaks closely indexa-
ble in a tetragonal lattice with the same lattice parameter as
obtained from the fitting has led to the suggestion that some
superstructure may exist in the lithiated phase.

The presence of pure magnetite has also been observed
by Mdssbauer spectroscopy. Its concentration was found to
be in excellent agreement with the value obtained with the
Rietveld method.

A careful inspection of the room-temperature IS values
for the lithiated phase has demonstrated the incorporation of
some lithium into the lattice and provided an estimation of
its concentration. At room temperature there appearstobe a
fast electronic relaxation between Fe>* and Fe** ions, but a
74 > 1077 sis found at 4.2 K. Therefore the low-temperature
spectrum allows an independent estimation of the lithium
incorporation, which turns out to be in good agreement with
the concentration determined from the room-temperature
spectrum.

The magnetization measurements have led to the con-
clusion that a noncollinear magnetic structure should be
present in Li, Fe,O,.

Finally, we should remark that the disagreement

1926 J. Appl. Phys., Vol. 59, No. 6, 15 March 1986
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between the Li contents determined by atomic absorption
and by Mossbauer spectroscopy may be due to the presence
of some undetectable lithium derivatives such as surface
Li,O.

We interpret our result to mean that iron extrusion from
Li, Fe;O, does not occur at room temperature, even for large
x, but that room-temperature exposure to air oxidizes the
sample via delithiation with the formation of an undetected
lithium derivative, probably Li,O, on the particle surfaces.
The fact that 84% of the Li Fe,O, particles had x = 0.5
with Li_Fe>* on sites 16¢ suggests that Fe’* ions on sites
16¢ are the iron ions most susceptible to oxidation.
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