PHYSICAL REVIEW B

VOLUME 15, NUMBER 5

1 MARCH 1977

Nuclear-magnetic-resonance study of the magnetically ordered manganite
Lal —beanl _yFey03

L. K. Leung* and A. H. Morrish
Department of Physics, University of Manitoba, Winnipeg, Canada R3T 2N2
(Received 16 August 1976)

A study of the manganite, La, _,Pb,Mn,_,Fe O;, where 0.25 < x < 0.45 and 0.0 < y <0.17, has been made
using the pulsed nuclear-magnetic-resonance technique over the temperature range from 1.6 to 77 K. Multiple
spin echoes have been observed for SSMn nuclei in the ferromagnet La,_,Pb,MnOj; their number is consistent
with refocusing by the quadrupole interaction. The NMR spectra have broad linewidths; experiments with a
magnetic field applied indicate that nuclei both within domain walls, and within the domain bulk, contribute
significantly to the absorption. The resonance frequency, defined by the signal maximum, is proportional to
the average spin { §), which in turn is a function of composition, as well as temperature. The spin-spin
relaxation time T, is a minimum at the resonance frequency when T = 4.2 K; the Suhl-Nakamura interaction
is suggested to be the predominant mechanism acting. The spin-echo amplitude is an oscillatory function of
the time between the two exciting pulses; from these data the quadrupole splitting (e’qQ/h) is deduced to be
about 0.17 MHz. When some of the manganese is replaced by iron, two additional peaks, one on the low- and
the other on the high-frequency side, appear in the NMR spectra, and are attributed to localized Mn** and
Mn’* ions, respectively. The implications of increased electron localization at the manganese ions for the

magnetization of La,_,Pb ,Mn,_,Fe, O; are discussed.

I. INTRODUCTION

A series of experiments at the University of
Manitoba has established that the manganites
La3t, Pb2*MnO,, with 0.25<x<0.45, are ferro-
magnets.'™® Also, the change in the magnetic
structure when some manganese is replaced by
iron has been the subject of a recent report.*
These investigations have now been extended to
a study of nuclear magnetic resonance of the iso-
tope **Mn in these compounds.

The ferromagnetism of (LaPb)MnO, has its
origin in the coupling between the manganese ions
produced by a narrow double-exchange band oc-
cupied by 1 - x electrons per formula unit.® This
interaction is comparatively large, and leads to
Curie temperatures T, between 320 and 350 K.
Although the theory of the double-exchange inter-
action dates back to the early 1950’s, the literature
on this subject is not extensive.®

The iron-doped compounds La,_,Pb,Mn,_,Fe O,
with 0.03 < y<0.17, have lower magnetizations
and Curie temperatures. Mossbauer spectra
establish that the iron ions are in the high-spin
Fe®* state, and couple antiferromagnetically to
the manganese ions. Both the Fe-O-Mn and
Fe-O-Fe superexchange interactions play a role
in determining the magnetic structure.*

Measurements had been made earlier of the
static magnetization,®'* ferromagnetic resonance
absorption,® electrical resistivity including mag-
netoresistance,’ lattice parameters,**and, for the
samples doped with *’Fe, Mossbauer spectra.*

More recently, data have been obtained on x-ray
and uv photoemission.” This is the first report on
the nuclear magnetic resonance of the La,_,Pb, -
Mn,_,Fe O, family; however, there have been
papers on NMR absorption in two related com-
pounds. NMR signals were observed by the spin-
echo technique from the perovskite ferromagnet
La, ,,Sr, ;,MnO;. There were maxima at about
374 and 382 MHz, and, although the authors were
somewhat uncertain as to their origin, at least one
absorption was ascribed to the nucleus **Mn.®
With the same technique, Matsumoto® observed
>Mn NMR spectra for La,_,Ca,MnO, with 0.125

< x< 0.3 down to temperatures as low as 1.4 K.
For x< 0.175, a peak at 323 MHz is ascribed to
Mn** ions, and a broad absorption, ranging from
350 to 435 MHz, to Mn** ions, with motional nar-
rowing, by the double-exchange electrons. Ac-
tually, for x=0.15 at T=4.2 K, there is a maximum
at 411 MHz, which may be the resonance of Mn®*
ions, and a subsidiary peak at about 380 MHz,
which may be related to Mn®-'** ions. The spin-
echo decay time T% was found to be 10 psec for
the Mn** absorption and 4 psec for the absorption
at 378 MHz, both for x=0.15 at T=4.2 K. For
x=0.2 and 0.3, only one motionally narrowed ab-
sorption was observed, with a maximum at 378
MHz at T=4.2 K, and presumably corresponds

to Mn®*** jons. The hyperfine constant A was
determined to be |A|=72x10"* cm™ for the Mn**
ions. No multiple echoes were observed at T =177
K, and if they were observed at lower tempera-
tures, they were not reported.
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FIG. 1. Pen recorder traces of multiple spin-echo
NMR signals for La; _, Pb, MnO; at T =1.6 K (a) for

x=0.31 with 7=2 usec and (b) for x =0.26 with 7=1 pusec.

II. NMR SPIN-ECHO EXPERIMENTS ON (LaPb)MnO,

A variable-frequency incoherent-pulse spectro-
meter was used in the experiments.!® The tail of
a glass Dewar containing the sample was inserted
through an aperture into the cavity. By pumping
on the liquid helium, temperatures down to 1.6 K
were achieved.!!

Usually the (La,_, Pb, )MnO, samples were
powders obtained by crushing single crystals.
These powders were introduced into a quartz tube
to form a cylindrically shaped sample. A few
spherical-shaped single crystals were investigated.
However, the skin depth 8,(= 2¢,c?/0ow)"? when
w=27X400 MHz and ¢ = 10%(Q cm) ! isabout 0.26
mm. Since the diameter of the single crystals,
about 1 mm, was larger than 4, the amplitude of
the signal was then reduced.

Most of the measurements were made on sam-
ples with x=0.26, 0.31, and 0.40 at temperatures
of 77, 4.2, and 1.6 K. A single echo, similar to
that reported by Matsumoto® for (LaCa)MnO,, was
observed at T=77 K. However, at T=4.2 K,
multiple echoes were observed, for example four
for x=0.26. The maximum number of echoes was
detected at 1.6 K, five for x=0.26 and four for
x=0.31, as illustrated in Fig. 1.

The phenomenon of multiple-spin echoes that
occur at 27, 37,..., where 7 is the time interval
between the two exciting pulses, has been ob-
served earlier in many magnetic materials.3:12-13
When the refocusing mechanism for the second
and any subsequent echoes is the quadrupole in-
teraction, a maximum of 21 echoes is predicted
by theory.'* Since I=3 for *Mn, the present ob-
servations seem to imply that the quadrupole in-

teraction is the source of the multiple echoes in
(LaPb)MnO,. However, it is possible that observa-
tions at even lower temperatures, or with in-
creased amplifier gain, might reveal more than
five echoes. If the number of echoes exceeds 21,
a coupling between the nuclear spins via emission
and absorption of virtual spin waves, the Suhl-
Nakamura interaction, is probably the source of
the refocusing.’® Therefore, although it is con-
cluded that the quadrupole interaction is the origin
of the multiple echoes, it cannot be ruled out that
the Suhl-Nakamura interaction is partially, or
even entirely, the mechanism operating.

The amplitude of an echo is expected to be pro-
portional to e”2"72 | where T, is the transverse
or spin-spin relaxation time. However, T, is
itself a function of frequency. The data had there-
fore to be taken by varying 7 in such a way that
7/T, was kept constant. Since the power output
of the oscillator and the receiver gain were not
constant as the frequency was changed, the col-
lection of accurate data was not easy. The NMR
spectra at T=4.2 K are illustrated for three
values of x in Fig. 2; in addition one spectrum
for T=177 K is shown. The spectra are broad,
with an average halfwidth (width at half-maximum)
of about 34 MHz, and essentially independent of
temperature. Thus, the line must be inhomo-
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FIG. 2. NMR spectra of La; _ Pb, MnO; for x =0.26,
0.31, and 0.40 at 7 =4.2 K and for x=0.31 at T =77 K.
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FIG. 3. Resonance frequency of La;_, Pb, MnO; as a
function of composition at T =4.2 K. The frequency of
the peaks associated with Mn** and Mn** ions in
La;_,Pb, Mn;_,Fe O; at T =1.6 K are also plotted.

geneously broadened. The maximum amplitude
will be used to define the resonance frequency v,.
The values of v, obtained from the data of Fig. 2
are plotted as a function of x in Fig. 3 for T=4.2
K; within the experimental errors vy, is a linear
function of the degree of ionization of the mangan-
ese.

Resonance frequencies are also listed in Table
1. It should be recalled that Matsumoto found
v,= 380 MHz for La,_,Ca,MnO, with x=0.2 and
0.3 at T =4.2 K;®° the resonance frequencies for
the calcium and lead manganites are thus remark-
ably similar. In addition, the average spin per
formula unit, (S), are given. For T=4.2K, (S)
is the mean value deduced from (a) the chemical
formula, (b) the magnetization, and (c) the Curie
constant. As reported in an earlier publication,?®
the largest difference between any two values of
(S) of a given composition is 3%; most values
agree to within 1%. Therefore, provided the
magnetic structure is collinear, it follows from
these data that there is no appreciable orbital con-
tribution to the magnetic moment. For T =77 K,

(S) is deduced from the magnetization measured
at this temperature.? The hyperfine coupling may
be expressed by AT-§, where A, the hyperfine
constant, is related to the resonance frequency
by the equation A = hv,/(S). Values of |A|, in units
of cm™}, are listed in Table I for the samples

(to obtain A in energy units, multiply by 1/kc).
These values agree internally to better than 1%.
The variation of vy, observed therefore merely
reflects the different magnetization, or (S), of the
samples. The *Mn hyperfine coupling constants
found for other materials were 7.2X107° for
(La,-,Ca,)MnO,,° 7.0X1073 for LiMn, ;Fe, (O,
7.0x1073 for AL,0,:Mn**,’® and 7.2x107* for
MgO:Mn**.'¢ The first two values were determined
by NMR, and the latter two by ESR; all are in
respectable agreement with the present results.
The hyperfine field at the *Mn nucleus, H;, can
be found from the relationship w,=2Tv,=vy Hy,,
where vy is the gyromagnetic ratio. The hyper-
fine fields calculated by setting yy=27Xx1055
(Oesec)™!, the accepted value, are listed in Table
1. The ratios (H,;/(S)) lie within 1% of each other,
and thus confirm that magnetization differences
are the origin of the variation in H,;.

The resonance lines of Fig. 2 are too broad to
be used to obtain a measure of the transverse re-
laxation time 7T',. Instead, pairs of pulses separa-
ted by different time intervals 7, were applied
repeatedly keeping the rf constant. The logarithm
of the amplitude of the first echo plotted as a func-
tion of 7 is a straight line; the slope then yields
a value for T, at one frequency. This procedure
corresponds to method A discussed by Carr and
Purcell.’” The variation of T, with frequency
across the line profile for one sample at the tem-
peratures 77 and 4.2 K is shown in Fig. 4. A
measurement of T, near the resonance frequency
vy, at T=1.7 K indicates that T, changes but little
from that at T=4.2 K.

Above liquid-helium temperatures the spin-
spin relaxation time is clearly temperature de-
pendent. At 4.2 K, the minimum in T, presumably
occurs because the majority of the nuclei precess
at or near this frequency. It appears, therefore,
that the relaxation is occurring, at least at low
temperatures, through some nuclear spin-spin

TABLE I. NMR data for La,_.Pb,MnO;.

x T (K vy, MHz) (S) [Al (em™) Hy (kOe)

0.26 4.2  390+£3 1.87 6.95x107% _370+6

0.31 4.2 382+3 1.85 6.88x107° _364%6
0.40 4.2 3763 1.83 6.85x10° _357+6
031 77 376+3 1.83 6.85x10% _357+6
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FIG. 4. Spin-spin relaxation time T', as a function of
frequency for La, ¢9Pby 3 MnO; at T =4.2 and 77 K.

interaction. Two possible mechanisms involve
spin - waves and wall excitations.'® Another is the
Suhl-Nakamura interaction'® in which the nuclear
spins interact via virtual spin waves in the elec-
tronic system. The present observations are
qualitatively similar to those found for the **Mn
nuclei of Mn®** ions in manganese ferrite.'® On
the basis of calculations, it was concluded that
relaxation in the ferrite was dominated by the
Suhl-Nakamura interaction at and below liquid-
helium temperatures. Although this interaction
was still visible in the form of a shallow minimum
at 77 K, it was suggested that the main contribu-
tion to T, was then a spin-wave scattering pro-
cess. (LaPb)MnO, differs from the ferrite in that
the manganese occurs as Mn** ions together with a
narrow double-exchange band. Although it is not
clear what complications these factors introduce,
the frequency dependence of the spin-spin relaxation
time at 4.2 K does suggest that the Suhl-Nakamura
interaction plays an important role here too.

III. MAGNETIC FIELD STUDIES

The application of an external magnetic field in
spin-echo experiments has the potential to provide
additional useful information. For this purpose,

a metal Dewar was constructed that could be in-

serted either in an electromagnet (maximum field
18 kOe), or a superconducting solenoid (50 kOe).

A cylindrical cavity, sited inside and towards the
bottom of the Dewar, had a fixed diameter and a
length determined by trial and error. Adjustments
were made with a variable capacitor controlled

by a long rod protruding through the top of the
Dewar.

It seems possible that the large halfwidth of the
NMR spectra is at least partially the result of
overlapping contributions from nuclei within and
outside domain walls. The application of a mag-
netic field sufficiently large to saturate the sam-
ple, that is, remove all the domain walls, should
leave only the one contribution, that of nuclei in
the bulk material. When fields in the range from
4 to 14 kOe are applied a signal is still observed
with a line shape that is more symmetric and a
linewidth that is reduced by about half, as illustra-
ted in Fig. 5. We will return to this point when
signal amplitudes are discussed at the end of the
section.

The resonance frequency is also reduced, as
shown in Fig. 6 for La, (,Pb, ;,MnO, at T=77 K.
For fields larger than about 10 kOe, the data
points lie on a straight line, indicated by the full
curve. The slope gives the nuclear gyromagnetic
ratio; it is determined to be yy= 27 x1000
(Oe sec)™!, which is respectably close to the ac-
cepted value of 2mx1055 (Oe sec)™!. The negative
slope indicates that the hyperfine field H,;, is
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FIG. 5. Resonance spectra of La, ¢yPb, 31MnO; at
T =77 K in external magnetic fields. The amplitude of

the signal for H=14 kOe is about 3% of that for zero
applied field.
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FIG. 6. Resonance frequency v,, as a function of
applied external magnetic field for La, gPb, 3;MnO; at
77 K. Here v is defined as corresponding to the max-
imum amplitude. The full curve fits the data in the
region where the sample is magnetically saturated. The
upper dashed line is an extrapolation from high fields,
and the lower dashed line fits the actual data in the reg-
ion where domain walls exist.

negative, that is, lies in the direction opposite

to that of the electronic magnetization. A similar
result has been found for other manganese com-
pounds.**

Below about 10 kOe, the resonance frequency no
longer falls on an extrapolation of the straight line,
shown by the upper dashed line in Fig. 6, but
rather becomes almost independent of the applied
field, as indicated by the lower dashed line. The
demagnetization field H, of an infinitely long
needle is 47M ;= 9 kOe for (LaPb)MnO,. For a
finite cylinder, about the shape of our samples,
Hp=T or 8 kOe. The effect on H, when the sample
consists of irregularly-shaped interacting parti-
cles is unclear. However, within the experimental
errors, some form of domain structure is ex-
pected to commence forming on reducing the ap-
plied field to somewhere between 7 and 10 kOe.

As H is further reduced, the domain configuration
will alter to cancel in an approximate way the con-
tribution of the applied field to the net hyperfine
field. Hence vy, will be almost constant, as in-
deed was found. As the applied field approaches
zero, the nuclei within domain walls will again
contribute to the NMR spectra. Since v, increases
at H=0, it appears that the nuclei within the
domain walls resonate at a higher frequency than
those outside the walls. This conjecture is sup-
ported by noting that the structure in the NMR
spectra of Fig. 2 is mainly on the high-frequency
side.

The transverse relaxation time T, also changes
when an external magnetic field is applied, in-
creasing significantly. At least two factors are
operating. First, the contribution to the relaxa-

tion time by the nuclei lying within domain walls
is decreased and then eliminated as the walls are
removed when the applied field is increased. The
relaxation time for nuclei within a domain wall is
apparently shorter than for nuclei in the bulk
material. A similar conclusion has been reached
recently for °*Mn nuclei in manganese ferrite.*
Second, the Suhl-Nakamura interaction depends
on H, and leads to an increase in T, as the field
is increased. This effect has also been detected
in manganese ferrite.?® Of course, it is possible
that there are other field-dependent contributions
to the relaxation time.

A logarithmic plot of the spin-echo amplitude
against the time 7 between the first two pulses,
useful in the determination of T,, reveals a new
feature, an oscillatory behavior, when an external
magnetic field is present. This effect is illustrated
in Fig. 7 for La, 4,Pb, ;,MnO, at T=77 K. A simi-
lar spin-echo modulation has been observed be-
fore. It can be produced by the quadrupole inter-
action provided the magnetization makes a unique
angle with the crystallographic axes,'® as in a
single-crystal sample. For a powder this require-
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FIG. 7. Logarithmic plot of the spin-echo amplitude
at the resonance frequency vs the time interval between
the two applied pulses with and without the application
of an external magnetic field.
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ment is also met if the particles rotate so that
the easy axes aligned with the applied magnetic
field.

Abe et al.*® have derived a relationship between
the modulation period 7,, and the quadrupole
multiplet separation, Ay,; they find

AV T,=1. )

From Fig. 7, 7,=20 sec; hence Ay,=0.05 MHz.
In addition, it can be shown from first-order
perturbation theory,? that

Av,=[3e2qQ 2I1(21 = 1)h](m - 5)3(3cos®6-1),  (2)

where @ is the nuclear quadrupole moment, ¢q is
the electric field gradient, and ¢ is the angle be-
tween the direction of the hyperfine field and the
axis of the electric field gradient. If 6 is assumed
to be zero, and with I=m =3, it follows that
€2qQ/h=0.17 MHz. This quadrupole splitting is
much smaller than the linewidth, and therefore
cannot be observed in a steady-state experiment.
Actually, in an ideal perovskite structure, the
quadrupole interaction would be zero. However,
(LaPb)MnO, possesses a slight rhombohedral
distortion' that presumably leads to a small elec-
tric field gradient at a **Mn nucleus.

The amplitude of the spin echo is proportional to
the enhancement factor 7, which represents the
amplification of the applied transverse magnetic
field H,. The electronic magnetization M has the
component M, given by M, = M[H,/(H+ Hy - Hp)},
where H is the static applied magnetic field and
H, is the effective crystalline anisotropy field.
Since the hyperfine field H,; and M are oppositely
directed, the effective transverse field H., in the
domain bulk is then given by

Hef: =Hx + Wx/M)th
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={1+[th/(H+HK 'HD)]}Hx . (3)

Because H, is enhanced by the same factor during
excitation and during signal emission,?? the echo
amplitude enhancement 7’ is given by

n' ={1+[Hy/(H+H, -Hp)]}2=(1+n)>. (4)

From ferromagnetic resonance experiments, it is
known that the anisotropy field H, is small.®

For a sufficiently strong field, H + H, —Hp,~H
and H,;/H =50, so that Eq. (4) approximates to

n'= (Hy/H)®. 5)

The amplitudes of the spin echoesare observed to
decrease nonlinearly on application of an external
magnetic field. For the first echo, the amplitude
is linear with 1/H? for sufficiently large fields, as
shown in Fig. 8 for La, 4,Pb, ;,MnO, at 77 K.

At lower fields, the linear relationship breaks
down as indicated in the inset to Fig. 8. Indeed,
in zero field, the signal amplitude is about 35
times larger than that when H =14 kOe (Fig. 5).
Since no domain walls are present in the material
when H=14 kOe, this observation implies that in
zero field the enhancement factor for the domain
bulk is comparable to that for the domain walls.
In other words, nuclei both within the domain
walls and within the domain bulk make significant
contributions to the absorption spectra when no
external magnetic field is present.

IV. NMR SPECTRA OF La,_,Pb,Mn,_,Fe,0,

Polycrystalline samples of La,_,Pb,Mn,_,Fe O,
were made by starting with the relevant oxides
and using ceramic techniques, as déscribed
earlier.®* The Curie temperatures ranged from
252 K for x=0.44 and y=0.03 to 176 K for x=0.44
and y=0.17. As a result the spin-echo signal was
harder to detect; it was not observable even at
T =4.2 K for the highest iron dopings, viz.,
y=0.15. Most of the data were collected at 1.6 K,
the lowest temperature attainable with the apparatus.
NMR spectra for **Mn in La, ,,Pb, ;,Mn,_, Fe, O,
are shown in Fig. 9 for »=0.03, 0.10, and
0.15 at T=1.6 K and for y=0.03 at T=4.2 K. The
central peak, which occurs at about 382+ 5 MHz
appears to correspond to the resonance frequency
observed with y=0, as listed in Table I. The peak
on the high-frequency side at about 421 MHz is
attributed to Mn** ions for the following two rea-
sons. First, a peak at about 420 MHz in the NMR
spectra of manganese ferrite has been identified
with Mn®** ions.?® Second, the frequency, 421 MHz,
lies close to an extrapolation of the linear v,-vs-x
curve to x=0 (see Fig. 3). The peak at about 332
MHz on the low-frequency side in Fig. 9 is at-
tributed to Mn** ions for similar reasons. First,
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FIG. 9. NMR spectra of La, ;9Pb, 3Mn, _, Fe, O;.

a resonance at about 310 MHz for a lithium-
manganese ferrite has been identified with Mn**
ions.! Second, a linear extrapolation to x=1.0
in Fig. 3 lies below but close to 332 MHz. 1t is
interesting to note also that for La,_,Ca,MnO,
with x=0.15, Matsumoto® associates a peak at
323 MHz with Mn*" ions and that another peak
occurs at 411 MHz.

From the Mn®** line position, and with (S)=2, it
follows that the hyperfine constant |A|is 7.0
x107% ¢m™! and the hyperfine field H,; is -393
kOe. From the Mn** resonance frequency, and
with (S)=1.5, it is found that |A|=7.4X107% cm™*
and Hy; =309 kOe. A quite different technique pro-
vides comparative values for A; ESR experiments
yield |A|=7.2x107 em™! for Mn** in TiO,,? and
|[A|=7.0X107% cm™! for Mn** in ALOQ,."

On the basis of earlier experiments on
La,_,Pb,Mn,_,Fe, O, inwhich other techniques were
employed, an energy-leveldiagram was proposed.*
It is known that the 3d electrons of ferric ions
tend to be more localized than those for Mn*" ions.
It was suggested that the Fe®' ions have well-
localized °A,, states lying about 2.5 eV below the
Fermi level of the narrow ¢* conduction band
formed by the e, electrons of the Mn®** ions. The
transfer of an electron from a Mn®* - to a Fe3* -ion
nearest neighbor then is the origin of the antiferro-

magnetic superexchange interaction. On the basis
of this energy diagram, a phenomenological theory
of the Curie temperature was developed.* It was
concluded that the Curie temperature decreases
as the iron doping increases because (a) the num-
ber of electrons in the o* band decreased, and

(b) the transfer integral decreased.

The NMR spectra provide evidence that spin
oscillations occur at manganese ions, presumably
most likely when a ferric ion is the nearest neigh-
bor. Thus, the number of electrons in the o*
band is further reduced. In addition, this effect
would contribute to the decrease in the transfer
integral. The probability for the trapping of a
hole or an electron at Mn** and Mn** ions, re-
spectively, should be related in a simple way to
the iron concentration. The peak intensities,
shown in Fig. 9, do indicate this trend; the data
are however not sufficiently accurate to permit a
quantitative analysis. Further, the trapping prob-
ably would be expected to increase as the tempera-
ture is lowered; the data for y=0.03 at 7=4.2 and
1.6 K (Fig. 9) provided qualitative support for this
expectation. Further investigations may permit
a detailed model for the spin- and charge-density
oscillations, perhaps along the lines of that used
for doped magnetite,? to be developed for the
iron-doped manganites.

Matsumoto, in his experiments on (La,-,Ca,)MnO,
for x<0.15,° found similar evidence for elec-
tron and hole localization, and accounted for
his results by postulating d-hole trapping in the
neighborhood of a Ca®** ion. It is possible that a
similar process occurs near the Pb*" ions; how-
ever no evidence for this effect is found for
La,_,Pb,MnO, (y=0) when 0.25<x<0.45. There
seems to be no reason to believe that such trap-
ping is important when y# 0, at least for the
range of x values used in the present investigation.

The relaxation time is decreased in iron-doped
compounds. For example, at T=1.6 K, and over
the frequency range from 325 to 425 MHz, it is
found that T, varies between 10 and 30 psec for
vy =0.03, and between 4 and 12 psec for y=0.10
and 0.15. Some variation of T, with frequency is
indicated. However, in view of the small value of
the relaxation time, and the experimental uncer-
tainties, the data do not allow significant infer-
ences to be made at this time.

V. SUMMARY

Oscillations in the spin-echo amplitude when the
time between the two applied pulses is varied in-
dicate the presence of a quadrupole interaction at
the **Mn nuclei in La,_,Pb,MnO,. Since Mn®*' is
a Jahn-Teller ion, a distortion of the surrounding
oxygen octahedron is expected,?® and would lead
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to an electric field gradient. The quadrupole in-
teraction appears to be responsible for the 2I (or
fewer) echoes observed. Measurements of the
spin-spin relaxation time T, seem to imply that
the Suhl-Nakamura interaction is also important,
at least for temperatures at and below 4.2 K. Ex-
periments with an external magnetic field applied
yield a nuclear gyromagnetic ratio consistent with
literature values. The NMR absorption lines are
the sum of two components, one from nuclei in-
side and the other from nuclei outside the domain
walls; the latter component is expected to be
appreciable because the crystalline anisotropy is
known to be small. Future experiments in which
the line shape and the relaxation time are deter-
mined more accurately may permit resolution of
these two components.

For La,_,Pb,Mn,_,Fe,O,, the NMR spectra pro-
vide convincing evidence for increased electron
localization at the manganese ions, and thus per-

mit further insight on the associated magnetiza-
tion properties. The absence of these absorptions
for y=0 stresses the importance of the double-
exchange conduction band in producing a motionally
narrowed state intermediate between the Mn®*

and Mn** ions. Information on the electron energy
levels, and hence the interactions in (LaPb)MnO,,
are of particular relevance at this time because
this material has potential use as a catalyst? for
the oxidation of pollutants present in the exhausts
from vehicles such as automobiles.
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