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Magnetic properties of iron-doped manaIInites
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Polycrystalline samples of La& „Pb„Mn, & Fe& 03 with 0.20 (x &0.45 and 0.03 &y 4 0.17 have been made
and characterized by x-ray and wet chemical analysis. Earlier, it had been established that manganites with y = 0
and 0.25 &x & 0.45 are ferromagnets with a narrow doublewxchange band providing the dominant coupling.
The introduction of iron reduces the magnetization and the Curie temperature and also changes the shape of the
magnetization versus temperature curve. Mossbauer spectra with and without an external magnetic field of 50
kOe imply that an iron ion with only Mn nearest neighbors has its spin almost antiparallel to the manganese
magnetization. However, when two or more iron ions are adjacent, their spins make angles of about 55' to the
direction of the net magnetization. From the isomer shift, it follows that the iron ions are in the high-spin Fe
state. The data are interpreted in terms of a model that considers the antiferromagnetic Fe-0-Mn and Fe-0-Fe
superexchange interactions in addition to the ferromagnetic Mn '-Mn ' double-exchange interaction.

INTRODUCTION SAMPLE PREPARATION AND CHARACTERIZATION

Earlier studies in our laboratory have shown
that manganites with the chemical formula
La', +„Pb„"MnO, are ferromagnets for 0.25 & &

&0.45. The Curie temperatures T& are above
room temperature (320& T& & 350 K), and the spon-
taneous magnetization at absolute zero corre-
sponds to complete ferromagnetic ordering of the
Mn' and Mn'+ spin system. " The origin of the
ferromagnetism is thought to be a coupling pro-
duced by a narrow double-exchange band. Theo-
ries have been developed that describe the exper-
imental data well. ' As an extension to this work,
compounds in which some manganese is replaced
by iron enriched in the isotope "Fe have been
made. Both the magnetization and Mossbauer
spectra have been determined as a function of tem-
perature.

The concept of the double-exchange interaction
was introduced and developed during the past quar-
ter century in order to account for the ferromag-
netism of certain semiconducting compounds. ' For
the La, , Pb, MnO, series, the Mn" ions can con-
tribute 1-x electrons per manganese ion to the
narrow conduction band. The coupling between the
Mn" ions, which have a 3d' configuration, then
occurs via the itinerant electrons. The situation
will however be changed when some manganese is
replaced by iron. The d electrons of an Fe" ion
are known to be more localized than those of a
Mn" ion, ' and as a result superexchange inter-
actions may exist. The manganites doped with
iron therefore provide a system in which the in-
terplay between localized and collective electron
behavior may, in principle, be studied.

Although single crystals grown by the flux tech-
nique had been employed for the previous experi-
ments on La, , Pb, MnO„ the cost of enriched iron
dictated that only small polycrystalline samples of
the iron doped materials be made. Therefore,
amounts of the oxides (PbO, MnO» Mn, 03 La203,
and "Fe,o,) appropriate to the chemical formula,
Laj Pb Mn, „Fe„O,desired, were intimately
mixed by wet grinding an acetone slurry. The
ranges of composition were 0.20 &&&0.45 and 0.03
(y &0.17. Iron oxide enriched with 92.9% of the
isotope "Fe was used. The mixtures of powders
were pressed into pellets and fired at 800 C in a
top-loaded furnace. The pellets were quenched in

air, ground to a fine powder, repelleted, and re-
fired at 1000-1200 'C; this procedure was repeated
until x-ray powder patterns showed that all the
samples were single phase.

Samples were also made by slow cooling in the
furnace. Then, Mossbauer spectra possessed an
additional pattern which had a hyperfine splitting
at room temperature, close to, but somewhat
larger than, that for pure iron. Presumably some
iron ions were tending to bond together to form
clusters. Consequently, all the samples investi-
gated further were formed by quenching from tem-
peratures above 900 C. However, the particle
sizes in the samples were only about 1 pm. These
small sizes led to other complications, as will
become apparent later.

The lattice constants were determined with a
Philips 57.3-mm radius Debye-Scherrer camera
and diffractometer using both Mn-filtered Fe Xn
and Ni-filtered Cu Ka radiation. As an example,
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TABLE I. Powder diffraction data for Lap, 4 Pbp 28Mnp 9p

Fep gpO

MAGNETIZATION BELOW Tf

The magnetization of a few typical samples was
determined with a Foner vibrating-sample magne-

(~) so

60

31 y=0.0
30 y =0.03
30 y =0.10

30 y =0.15

istics as the undoped samples. '
A search was made for the presence of other

phases by examining powder patterns taken with
lengthy exposure times. Very weak additional
lines were observed and identified as unreacted
La 03, and which constituted about 1'pp of the final
sample. In order to test for stoichiometry, the
amount of manganese in different valence states
was determined by wet-chemical analyses of two
selected samples. ' There was no Mn" present.
The chemical formulas implied by the wet analyses
were La, Pb,QMno'672Mnp'»SFeo 0303 and
La, „PbQ ~ 30Mn0. 610Mno. 290Fe, „O„which agree,
within the exyerimental error, with the assumed
formulas LaQ 7QPbQ 30MnQ 67MnQ 3QFep p303 and
Lap 7pPbp 3pMnp 60M'+30Fep pO3 resPectively. It
can be concluded with some confidence that the
desired total oxidation state had been achieved.

the comylete powder diffraction data for
Lap Pbp 26Mnp 90 Fep 1p03 are l isted in Table I.
The structure is that of a rhombohedrally distorted
yerovskite. The presence of the 1311ine indicates
a doubling of the cell edges. The lattice constants
for all the samples are recorded in Table II. They
do not seem to follow any regular pattern as a
function of x or y. The iron-doped manganites
have, therefore, the same structural character-

TABLE II. Lattice constant of La& „Pb„Mn&, Fe, 03.
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FIG. i. Saturation magnetization as a function of tem-
perature for La& „Pb„Mn& Fe 03, (a) with x=0.30 and
0.3i, and (b) with x=0.20 and 0.44.
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TABLE III. Curie temperature and spontaneous magnetization of La& „Pb„Mnf yFe~03.

Tf (E)
(expt)

Tg (K)
{theor)

cr(0) (emu/g)
(expt)

0(0) (emu/g)
Spin configuration

(1) (2) (3)

0.31
0.30
0.30
0.30
0.44
0.44
0.44
0.44
0.20

0
0.03
0.10
0.15

0
0.03
0.10
0.17
0.10

330
224
196
184
350
252
220
176
172

330
224
196
184
350
234
199
174

78.8
71.4
60.5
50.7
74.8
61.9
52.1
40.7
62.0

78.5 78.5
73.0 73.5
59.6 64.6
50.0 59.9
73.2 73.2
67.5 68.1
54.6 59.4
41.7 54.2
62.4

73.6
65.5
64.0

tometer from 4.2 K up to the Curie (or more pre-
cisely, the ferrimagnetic Nlel) temperature T&.

The spontaneous magnetization was found by ex-
trapolation to zero applied magnetic field, and the
results are shown in Fig. 1. The Curie tempera-
ture was also determined by extrapolation yroce-
dures described earlier, ' and are listed in Table
III. Values of the syontaneous magnetization at
T = 0 K, o (0), found by extrapolation are also tab-
ulated.

The spontaneous magnetization differs as a func-
tion of temperature from that for the undoped com-
pounds. To bring this point out, plots of reduced
magnetization versus reduced temperature are
shown in Fig. 2. Clearly, the curve becomes more
Brillouin-like at first, and then as the iron con-
centration increases (15 at. %), decreases in slope,
especially as T& is approached. These results
suggest immediately that the magnetization can no

longer be understood by considering only the dou-
ble-exchange mechanism.

At this point, it is instructive to see if the spon-
taneous magnetization at absolute zero corresponds
to any simple spin configuration. Since the data
seem to imply that the Fe-O-Mn superexchange
interaction is antiferromagnetic, a simple struc-
ture is considered first in which all the iron ions
(assumed to be in the high-spin Fe" state) are
aligned antiparallel to the Mn"-Mn" system. It
is also assumed that there is no orbital contribu-
tion. The calculated values of o(0) are then given
in Table III in the column under spin configuratzon
(1). For x =0.30 the agreement with the experi-
mental values is very reasonable; for x =0.44 it
is much poorer. When the Fe"-O-Fe" antifer-
romagnetic superexchange interaction is consider-
ed as well, a more sophisticated model of the spin
structure is easily developed from the following
considerations. Each site occupied by a Mn or Fe
ion, the bcc position at —,'-,' —,', has six similar near-
est-neighbor sites. The probability that an Fe"

ion has n nearest-neighbor sites occupied by Fe
ions is given by the binomial formula

10=

& 0.5b

b

0
0 1.0

FIG. 2. Magnetization of the iron-doped manganites
vs temperature in reduced units.

where y is the iron concentration. At low iron con-
centrations the most likely arrangement is for
n =0, that is, with all six nearest-neighbor sites
occupied by Mn ions. By y =0.15, the probability
is about equal for six-Mn or for five-Mn-one-Fe
nearest-neighbor configurations [actually P(0, 0.15)
=0.3V l, P(1, 0.15)=0.399, and P(2, 0.15)=0.176].
As a second approximation, therefore, consider
a model in which Fe" ions with six Mn ions as
nearest neighbors are antiparallel, and Fe" ions
with one or more Fe" ions as nearest neighbors
are perpendicular, to the syins of the manganese
system. The spontaneous magnetizations predicted
at T =0 K are listed under the column sPin config
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MOSSBAUER SPECTRA AND ANALYSIS

The Mossbauer spectra were obtained with a
constant-acceleration transducer and a multichan-
nel analyzer operated in the time mode. Most of
the data were collected at 7 K, with and without a
magnetic field. A few spectra were taken between
liquid-nitrogen temperature to just above 7&. In
addition, several spectra were obtained at room
temperature where all the samples were para-
magnets, and a small number at temperatures

100
y =0.03 ~1a

95-
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cL100
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-10
I I I I I I

-6 -2 2
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FIG. 3. Mossbauer spectra for Lao &OPb030Mn, Fe„03
at 7 K and in zero external magnetic field. The points
represent the experimental data and the curves the
individual patterns and their sum obtained by a com-
puter fit. The intensities of the lines are constrained
to be proportional to the probabilities P(n, y), where n

is the number of iron nearest neighbors. In addition,
the lines were assumed to be Lorentzian and width con-
straints were applied.

uration (2) in Table III, and provide a poorer fit
with experiment than spin configuration (I). At
this point it is useful to consider the information
that can be deduced from Mossbauer spectra, and
to return later to the discussion of the magnetiza-
tion data.
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T~LE V. Parameters deduced from Mossbauer data for Lap 7pPbp &~n& Fe O at 7 K

n

y (or s surface)
Pg, y) t%) I po) I (%) Hgf (kOe) 8 (deg) H~f (kOe)

Eq.. (1) H«, ——0 H«, —-50 kOe H,.„=50 kOe Eq. (2) Eq. (3)

0.03
0.03
0.03
0.03
0.10
0.10
0.10
0.10
0.15
0.15
0.15
0.15

83.3
15.5
1.2

53.1
35.4
9.8

37.7
39.9
17.6

81.4
12.9
5.7

53.5
26.8
19.7

48.6
30.9
20.5

8 1.4
7.4

11.2

55.7
22.1
22.2

44.1
35.9
20.0

511
567
480
427
513
555
454
401
510
553
452
398

146.6
160.3
71.0

144.6
160.4
52.0
56.3

134.0
165.4
53.2
55.6

516
578
474

523
564
452
397
517
558
451
394

above room temperature up to about 700 K.
The Mossbauer spectra at 7 K for x =0.30 and

y =0.03, 0.10, and 0.15 are shown in Fig. 3. The
spectra were fitted with up to five six-line patterns
by the method of least squares using an IBM
360/65 computer. All lines were assumed to have
a Lorentz ian shape and widths that satisfied the
condition I'; =I;;, where i represents the line
number (1-6) and I; is the same for all patterns of
a given spectra.

One of the patterns (shown as the dashed lines in

Fig. 3) was a conundrum for a time. The possibil-
ity that the pattern is to be associated with iron
ions that have replaced Pb or La ions in the lat-
tice seems unlikely from radius ratio considera-
tions. An enhancement of this pattern in the para-
magnetic regime is found when a back-scatter
Mossbauer geometry was employed. ' It appears
therefore that the pattern is to be attributed to
iron ions that are associated with an oxygen va-
cancy, there being a larger concentration of such
defect structures at the surface than in the bulk.
Presumably the pattern has an appreciable inten-
sity because the particle sizes in our samples are
so small (- I y.m).

The remaining patterns may be related to the
ionic distributions of the iron and manganese,
assumed to be random. If so, their areas (or
their intensities, in view of the width constraints)
should be in the same ratio as the probabilities
P(n, y) given by Eq. (1). A computer fit with only
line shape and width constraints gave values for
the hyyerf inc fields, quadrupole interactions
(-,' e'VQ), isomer shifts 6, outer linewidths (I; = g),
and outer line intensities that are listed in Table
IV. The areas (intensities) of the different pat-
terns, normalized and expressed as a percent, are
given in Table V. They are in respectable accord
with the values of P(n, y), which are also tabulated
in Table V. A further computer fit was made with

100 -'-
y =0.03

95-

~100
O

&95

LY

y =0.10

I—
Z:
QJ
C3
CL100
LLj

y = 0.15

95

I

-10
I I I I

-6 -2 0 2
VELOCIT Y ~~~/s)

10

FIG. 4. Mossbauer spectra for Lap YpPbpypMng &Fe&03
at 7 K in an external magnetic field of 50 kOe applied
parallel to the direction of propagation of the y ray.
No intensity constraints were placed on the individual
patterns, indicated by the curves.

the intensity constraints for each pattern corre-
sponding to the probabilities P(n, y). The values
of the goodness of fit parameter y' were no worse
than those obtained when the intensities were un-
constrained. The individual patterns computed
with intensity constraints, together with the sum
of all patterns, are plotted in Fig. 3 as full curves.

Mossbauer spectra taken with a magnetic field
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of 50 kOe applied along the direction of propaga-
tion of the y ray are shown in Fig. 4 for the same
samples of Fig. 3. The spectra were fitted with

overlapping six-line patterns with the same line
shape and width constraints used for the zero-
field data. These patterns are drawn in Fig. 4,
with the same conventions as for Fig. 3. The var-
ious parameters deduced are also listed in Table
IV. In addition the relative outer line intensities
are given in Table V; the agreement with P(n, y)
is close enough to justify considerable confidence
in the pattern identif ications.

The presence of the 2-5 lines in Fig. 4 implies
that the iron spin structure is not collinear with
the direction of the applied magnetic field, and
hence the magnetization of the manganese system.
Further, the increase in the hyperfine fields for
the two patterns identified with ions near the sur-
face and with n =0 establishes that these ions have
an appreciable component of their electronic mag-
netic moment aligned antiparallel to the magnetiza-
tion of the manganese ions. The other patterns
exhibit a small decrease in hyperfine fields, and

therefore the associated iron ions have moments
with a small component parallel to the manganese
magnetization.

For the experimental geometry used, the average
angle 6 between the direction of the applied field
and the hyperfine field at an iron ion associated
with a particular pattern is given by

8 =arcsin(-,' (A, ,/A, ,)/ [1+—'(A, JA, ,]) '~',

(2)

where A, , and A, , are the areas of lines 2 or 5

and 1 or 6, respectively. The values of B found

are given with respect to the direction of the ap-
plied field in Table V. Because the trigonometric
function depends quadratically on the area A, „and
because the spectra are complex, it is possible
that the angle for the pattern with n =0 may be
close to or even equal to 180'; it is unlikely that
the angle with the field axis is much greater than
20' (less than 160 with the field direction).

The hyperfine field in the presence of the ex-
ternal field, Hgf(H, „,) is given by

Hhf (H«& )=phf(0) +Hex&

+ 2H~(0)H„~ cos8]'~',

whereH„~(0) is the hyperfine field in zero external
field and&exp is the external field. The values of
H~ (H,„,) calculated for H,„, = 50 kOe and the 8's
determined from Eq. (2) a,re also listed in Table V.
The agreement with the hyperfine fields determin-
ed from the computer-fitted patterns of Fig. 4 (re-
listed in Table V is respectable. In these analy-
ses, the demagnetizing and Lorentz fields have

H (n, m)=H, (1+na +mb), (4)

where n is the number of nearest iron-ion neigh-
bors, m is the number of next-nearest iron-ion
neighbors, and HO is the hyperfine field for n and
m equal to zero. The following constraints were
applied: (i) The linewidths for each line of the
pattern for the surface ions were set equal. (ii)
The line intensities for the surface-ion pattern
were fixed according to a previously determined
area ratio. (iii) The linewidths I'~, isomer shifts

not been taken into account.
It is necessary to consider the difference in

hyperfine fields of the various patterns for a com-
pound with a fixed value of x and y. Reference to
Figs. 3 and 4 and Table IV shows that for x =0.30
the hyperfine field decreases by 90-100 kOe when

n, the number of nearest-neighbor iron ions,
changes from 0 to 2. In ferrimagnetic insulators
it is customary to account for such variations by
considering the supertransferred contribution to
the total hyperfine field. In this interaction, a
transfer of spin density occurs from the d orbitals
of the nearest-neighbor cations through the 0 orbit-
als of the oxygen ions to the 4s orbitals of the iron
ion under consideration, a mechanism closely
related to the superexchange interaction. Since
the electronic configurations of the neighboring
cations are 3d' and 3d' for the Mn" and Fe" ions,
respectively, an increase in the supertransferred
hyperfine field would be expected as n increases.
Therefore, the observed decrease must be related
to local fluctuations in the interaction between the
double-exchange electrons and the 4s orbital of
the Fe ion when it has one or more iron nearest
neighbors. In other words, the 4s polarization
produced by the highly polarized itinerant band
electrons of the Mn"-Mn" system must be sig-
nificantly decreased by the perturbation caused
when two or more iron ions are nearest cation
neighbors. Any other contribution to the hyper-
fine field does not appear to be capable of produc-
ing the decrease observed.

The isomer shifts given in Table IV are well
within the range observed for high-spin ferric
ions, and hence strongly support the earlier
assumptions. The quadrupole shifts are small,
except for the pattern identified with iron ions
near the grain surfaces. It is reasonable to ex-
pect that the electric field gradient will be larger
for these ions.

A more ambitious analysis of the spectra at 7 K
and with no external field applied will now be made

by considering also the magnetic cations on the 12
next-nearest neighbor sites. The hyperfine field
at a particular "Fe nucleus will be assumed to be
given by
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FIG. 5. Mossbauer spectrum for Lap &pPbp&pMnp 85.

Fep &5O3 at 7 K fitted with 22 six-line patterns; their
sum is shown by the full curve. The peak positions for
the different patterns are indicated by the vertical bars.
The dashed bars are for the surface-ion pattern. The
other bars are for patterns associated with n Fe ions
in the first (nearest-neighbor) coordination sphere, and
m Fe ions in the second (next-nearest-neighbor) coor-
dination sphere. For n =0, the percent absorption com-
pared to background is indicated by the length of the
bars and the scale at the right-hand side.

where y,&f =y -y„and y, is the number of Fe ions
associated with oxygen deficiencies per chemical
formula unit. (v) All lines were Lorentzian in

shape.
The spectrum for y =0.03 was fitted with 10 six-

line patterns, that for y = 0.10 with 17 six-line pat-

60, and quadrupole shifts 4e'q@0 for all other pat-
terns were individually held constant, that is,
there was one value of each yarameter for all pat-
terns. (iv) The relative line intensities for these
other patterns were kept proportional to the prob-
ab il itic s

P( mny ff) P(n ) ff)P(Ã7 y ff}

(~)y ff (l —y, ff) („"}yeff(l —y ff )

terns, and that for y = 0.15 with 22 six-line patterns
(x =0.30). The sum of the individual patterns for
the sample with y =0.15 is shown as the solid curve
in Fig. 5; for all the spectra excellent values for
y' were obtained. The vertical bars indicate the
peak positions for lines 1, 2, 5, and 6 of the indi-
vidual patterns, dashed for the surface ion pattern,
and solid for the others. The m =0 pattern has the
largest splitting, and as m increases the splitting
decreases. For n =0, the relative absorptions are
indicated by the length of the bar.

The values of the various parameters deduced
from the fittings are tabulated in Table VI. The
relative intensities of the lines of each pattern
are close to the 3:2:1ratios predicted by the
Clebsch-Gordan coefficients for an ideal Mossbauer
absorber. It should be noted that the linewidths
are significantly narrower than those given in

Table IV, whereas the isomer shifts and the quad-
rupole shifts are substantially the same. It is en-
couraging that the value of Ho is almost independent
of y. The changes in H(n, m), rgl„when n changes
by 1, and M„when m changes by 1, obtained by
using the values deduced for a and b, are also
tabulated for each sample in Table VI. The major
conclusion of the analysis is that when a manganese
ion is replaced by an iron ion in the first coordina-
tion sphere (nearest neighbor), the hyperfine field
decreases by about 48 kOe, and when a manganese
ion is replaced by an iron ion in the second coor-
dination sphere (next-nearest neighbor) the hyper-
fine field is decreased by about 17 kOe, essentially
independent of the doying concentration.

The Mossbauer spectra between liquid-nitrogen
temperature and the Curie point have broadened
lines. Because the resolution of the patterns was
relatively poor, only the average hyperfine fields
were determined. These are ylotted in reduced
units in Fig. 6. The data points lie close to a
Brillouin curve for S =2.

A Mossbauer spectrum at room temperature is
shown for one compound (x =0.30, y =0.03) in Fig.
7. The spectra change but little up to T=700 K,
and with composition. Two doublets have been
used to fit the spectra, and are also indicated in

TABLE VI. Mossbauer data for Lap YpPbp 3pMn~ ~Fe, O& at 7K assuming nearest-neighbor plus next-nearest-neighbor
interactions. The isomer shifts 6 are with respect to chromium. The magnetic fields, H and 4H, are in kOe, and the
other Mossbauer parameters, 1, 5, and Te qQ, are in mm/sec. The intensity ls is the absorption relative to the
background for lines 1 or 6 for iron ions near the surface. The parameters a and b are defined in Eq. (4).

Hs Hp rp ~ e2q@s ~~2' p AH) b H2

0.03 474 529 0.021 0.38 0.43 0.67 0.66
0.10 482 527 0.039 0.45 0.43 0.60 0.61
0.15 490 527 0.040 0.53 0.42 0.66 0.64

-0.32
-0.36
-0.19

-0.01
-0.04
-0.03

-0.095 -0.037
-0.088 -0.032
-0.087 -0.023

51
47
46

19
17
12
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FIG. 6. Average hyperfine field at Fe nuclei as a
function of temperature in reduced units for La& Pb„
Mn& Fe 03.

Fig. 7. The inner doublet has a quadrupole split-
ting of 0.236 mm/sec, an isomer shift of 0.54

mm/sec, and a linewidth of 0.40 mm/sec. The
outer doublet has a quadrupole splitting of 1.55
mm/sec, an isomer shift of 0.54 mm/sec relative
to chromium, and a linewidth of 0.31 mm/sec.
This doublet may safely be attributed to the iron
ions associated with a defect structure, e.g. , an
oxygen vacancy, for the following three reasons.
First, this pattern has an enhanced relative inten-
sity when a spectra is obtained with a backscatter
geometry using the conversion electrons. A larger
concentration of Fe ions with missing nearest
neighbor oxygen ions is expected closer to the
surface than in the bulk of the material. Second,
the quadrupole splitting of 1.55 mm/sec for
~

—', e'qQ I, together with the average value of 0.29
mm/sec for ~-,

'
'qttt ~ (3 cos'8 —I)I obtained for the

magnetically ordered phase (Table IV or VI),
yields the value e =140, which is in very good

agreement with the value e =146'determined from
the spectra in an applied field at 7 K (Table V).
Here it has been assumed that the easy direction
of the magnetization and the z axis for the electric
field gradient both lie along the [001] direction.
Third, the relative intensity of this doublet com-
pares respectably with that for the corresponding
pattern in the spectra at 7 K.

FURTHER DISCUSSION

Energy

s-p antibonding
I

Fe ( T». t~, )t&~tekel)

~eeV )

'trnmzrrnmnmnnvnf-- —E. -

Mn ( E~:t t a"o" "'t)

E3

E) E~

The magnetic structure for the iron ions, de-
duced from the Mossbauer spectra, has implica-
tions for the magnetization at absolute zero. Val-
ues of o(0) calculated using the angles (e) of Table
V, are listed in Table III under the column sPin
configuration (3) for the samples with x =0.30.
These values are somewhat larger than those for
sPin configuration (2). It is necessary therefore
to conclude that the manganese system is also
noncollinear. The actual structure may be com-
plex; it seems likely that manganese ions with

one or more iron ions as nearest neighbors would

cant at the largest angles. The investigation of
the manganese spin structure by neutron-diffrac-
tion techniques is an experiment that may be of
interest sometime in the future.

It is instructive to develop an energy diagram
for the iron-doped manganites. A broad filled
valence band is formed by the s- and p-bonding
orbitals of the anions and cations. The antibonding

z IOO-
0

z (n
w~~ eo-
LLI Z
Q 4

tt = 0.30
y =003

' lVlfffllfllllffffffffffffffffi'

-2 —
I 0 I 2

VELOCITY (mm/s)

FIG. 7. Mossbauer spectrum at room temperature for
Lap zpPbp 3pMnp 9zFep p309 ~ Two quadruPole-sPlit Patterns
are fitted.

Mn ( A:t t )g~2Q' 29
wxeaaivaiaxxvxiaiX

FIG. 8. Proposed energy-level diagram for La& „Pb„
Mn& „Fe 03. The localized-electron manifolds are
shown as a single energy. The cross hatching indicates
occupied states.
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T& =k, tzM» (6)

where z„„ is the average number of manganese
nearest neighbors to a manganese ion (z„„=6
here}, and k, is a constant. From Table III, the
experimental value for T& for &=0.31 yields k, t
=55. For the doped compounds, the double-ex-
change interaction will be reduced by the ratio of
the number of itinerant electrons in the doped
compounds to that for the undoped compounds,
viz. 1 —y/(1 —x). Also, the transfer integral itself
will probably be reduced by the fraction f mul-
tiplied by the number of manganese ions per for-
mula unit (1 —y). In addition, there will be super-
exchange interactions acting, primarily the type
Fe-O-Mn, but also, to a lesser degree, the type
Fe-0-Fe. Although these two interactions will be
different, they will be lumped together in this

s and p orbitals form a broad conduction band
which is completely empty. The energy separation
of these two bands E in oxides is typically about
6 eV. For clarity, the 3d electron manifolds of
the different ions will be indicated as a single en-
ergy in the diagram, as shown in Fig. 8. The 3d
electrons at the Mn ions consist of localized tm

electrons and delocalized e electrons, all with
parallel spins at absolute zero. There are 1 —x
—y electrons per chemical formula unit occupying
the narrow double-exchange band c* formed by
the e orbitals of the manganese ions. The Fe"
ions form a well localized ~A~ state which lies
below the fermi energy E~. Now, the superex-
change interaction would be ferromagnetic if a
transfer of an e electron from a Fe'+ ion to a
Mn'+ or Mn ' ion was involved. However, this
interaction is known to be antiferromagnetic.
Therefore, the dominant electron transfer is from
a Mn+ ion to a Fe3+ nearest neighbor, since then
the spin of the promoted Mn'+ electron will be
antiparallel to the net spin of a Fe'+ ion. It follows
that the empty 'T, level of a F/+ ion lies close
to but above the fermi level of the narrow cr* con-
duction band. Also, the 'A, level of a Mn" ion
probably has only slightly greater energy than the
'E level for Mn". Since, from Fig. 8, E, &E,
&E„ it is clear that then the energy for a Mn'+

+ Fe" -Mn" +Fe" electron transfer is much less
than for either a Mn" + Fe" -Mn" + Fe" or a
Mn" + Fe"-Mn" + Fe" transfer.

As an example of the use that can be made of the
proposed energy-level diagram, an attempt will
now be made to calculate the Curie temperatures
of the iron-doped manganites. For the undoped
compounds, the only interaction that will be con-
sidered is that of double exchange; the Curie
temperature will be assumed to be related to the
transfer integral t by the relationship

analysis, and be denoted by k,J. Therefore, an

approximate expression for the Curie temperature
of the doped samples is given by

Ty =k, tg„„[1—y/(1 —x)](1—y)f + 12yk, J, (7}

where the factor 12 in the second term on the
right-hand side is the number of nearest-neighbor
cations (6) multiplied by 2, necessary in order to
take account of the total number of superexchange
paths.

The two unknowns in Eq. (7), f and k, J, may be
determined from any two measurements of T&,

say for y=0.03 and y=0. 15. Calculation gives

f =0.72 and k, 4=28. Both these results are in
accord with expectations based on the energy dia-
gram. First, the interaction of the Fe'+ ions with
the Mn '-Mn" system leads to a dilution that
weakens k, t, that is, to a value of f less than

unity. Second, the interaction between like ions
will be greater than between unlike ions, so that
it is expected that kyt+k2 J. The value of T& ob-
tained with the above parameters for x =0.10
agrees exactly with the experimental value.

For x=0.44, and y =0, Eq. (6) yields k, t =58.
Then, use of the values for f and k2 j obtained for
&=0.30 gives values for T& that are listed in
Table DI. They are not as close to the experi-
mental data as might have been hoped. Since x
=0.44 is close to the upper limit for ferromag-
netism in the undoped compounds, the assumption
that f is constant may not be valid.

The proposed energy diagram has implications
concerning the electrical conductivity. Unfortu-
nately, our samples are not suitable for such mea-
surements. Since unenriched iron may be used,
it may be possible in the future to grow good
quality single crystals of the doped manganites
and to determine the electrical transport prop-
erties.

CONCLUSIONS

The doping of the ferromagnetic manganites
(LaPb)MnO, with iron dramatically alters the mag-
netic properties. The iron ions, which are in the
high-spin ferric state, not only introduce an im-
portant antiferromagnetic superexchange interac-
tion, but also lead to a substantial decrease in the
double- exchange interaction. This decrease occurs
both because the numbers of itinerant electrons
are less, essentially a collective-electron effect,
and because the transfer integral is reduced,
primarily a localized- electron effect. Many iron
ions have moments close to antiparallel to the
manganese magnetization, but some, those with

one or more iron ions as nearest neighbors, have
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moments at about 55' to the manganese magnetiza-
tion. The manganese system is also noncollinear;
the magnetization is therefore decreased substan-
tially. This mixed system, although complex, is
a useful and interesting one for the study of the
competition between collective and localized inter-
actions.
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