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PREFACE

In solid state physics, there are two main approaches
to describe the outer electrons in solids, namely crystal field
theory and band theory, which describe localized and collective
phenomena resnectivély, The applicability of these theories
to any solid depends on mainly its physical characteristics.
In this thesis, an attempt is made to examine the magnetic
behavior of some systems which can be adequately described by
one or a combination of these two theories. The experimental
methods fall roughly into two categories. Firstly, measurements
were made of the following macroscopic properties: electrical
resistivity, using the conventional four-probe method, and
magnetization and Curie temperature using a vibrating sample
magnetometer. Secondly, Nuclear Magnetic Resonance (NMR) and
MYssbauer techniques are used in probing the microscopic behavior.
In chapter I, a brief introduction to the magnetic
exchange interactions applicable to this study is given. Chapter II
is devoted to the system Lal-XPbXMn01 with 0.26 & X & 0.44,
and concerns its single crystal growth, structure determination,
magnetization, Curie temperature, and NMR spectra. Chapter III
describes the results of MYssbauer, NMR and other measurements on

. , 57 .
this system with various amounts of Fe substituted for Mn.

Chapter IV concerns a different(but related spin structure)



system Nil-XZnXF6204° Here MYssbauer spectra with and without
an external field are reported and discussed. Finally a summary

of the more important findings is given in the last chaper.
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ABSTRACT

In this thesis we report on experiments with three com-
pounds of the iron transition group. It is suggested that the 3d
electrons are responsible for the magnetic and electrical properties
which differ greatly depending on whether the character of the 3d
electrons 1s collective or localized.

Single crystals of Lal_beXMnO,; with 0.26¢X £0.44 have
been grown by the flux technique. X-ray fluorescence, wet chemical,
and electron microprobe analyses indicate the crystals are homogen-
eous and stoichiometric. The crystal structure was determined to
be a rhombohedrally distorted perovskite with double cell edges.
The static magnetization has been measured from cloée to absolute
zero to about 800°K. The compounds are ferromagnetic, with Curie
temperatures ranging from 315 to 350°K, At absolute zero, the
magnetization agrees to within 3% of that exnected from the average
spin per formula unit. The spontaneous magnetization decreases
more rapidly than predicted by the Brillouin function for a normal
ferromagnet for 0°9‘<T/Tc< 1. Just above the Curie temperature,
the reciprocal susceptibility versus temperature curve exhibits a
slight curvature; at higher temperatures, the susceptibility follows
the Curie-Weiss Law. The average spin obtained from the Curie cons=
,tént agrees well with that obtained from the chemical formula. The
conductivity detgrmined with the conventional four-probe method is

of the order of ~102 mho/cm. Together with the compelling fact of

the thermal coefficient of the resistivity below Tc determined by



Searle and Wang, we conclude that the ferromagnetism has its origin
primarily in the itinerant d-electrons that lie in a narrow double-
exchange band. In other words, the outer d-electrons have a collec-

35 R

tive behavior. This fact is further supported by the Mn
result which shows a single absorption line and this is identified
to associate with neither Mn?+ nor Mn4+ions but an average of the
two ions.

With Fe substitution into the system, the magnetization
is found to be lower and is explicable if the Fe spin can be assumed
to be antiparallel to the Mn spin. The Curie temperature is greatly
suppressed. A linear extrapolation of the saturation magnetization
for different substitutions suggests that system ceases to be ferro=-
magnetic at about 45 atomic percent substitution. The Fe57 MYssbauer
results confirm the antiparallel spin arrangement between the Mn and
Fe spins, but this is only true when the Fe ion has no other Fe ions
at its nearest neighbouring sites. The hyperfine field is ~510 kOe
for Fe ions with all Mn ions as their nearest neighbours and becomeé
much lower as some of these Mn ions are substituted by other Fe ions.
The concept of the " supertransferred hyperfine field " does not seem
to glve a satisfactory explanation in this case. The MYssbauer spec-
tra can be fitted reasonably well by a statistical model based on the
number of nearest Mn neighbours being substituted by Fe ions. It is
p;ncluded that this is simply the result of the core-polarization by

the d-band electrons. This further strengthens the idea of the col=-

lective behavior of the d-electrons in the undoped system. However,



the Mn55 NMR spectra which show three absorption lines instead of
one for the undoped system suggest some localization of the d-elec-
trons in the Mn3+ and Mn4+ sites. It is found that the localization
increases as a function of the Fe substitution. We propose the
formation of trapping centres for the d-holes due to the presence
of Fe ions whose d-electrons are known to be more localized than
those of Mn ions., This clearly indicates the simultaneous existence
of the localized and collective behavior of the d-electrons. In
other words, the transition of localizedecollective can be regulated
by the amount of Fe substitutions. The fact that the rapid decrease
of the magnetization versus temperature curve near the Curie temper-
ature becomes less obvious as the amount of substitution increases
suggests the presence of other exchange mechénism which is most likely
the " superexchange interaction ", a well known interaction between
localized spins. This further supports the above interpretation.
Finally, the MYssbauer results of the mixed ferrite system,
anNilwae204, which is known to be an insuiator are presented. It
is found that for X40.5 the Fe ions have a collinear spin arrangement
between the two sublattices and for X>0.5 a spin arrangement similar
to that found by Chappert and Frankel in their study of the NiGCr

1.7
Fe0°304 system. The average canting angle of the Fe spins is found
to be smaller Lhan the angle reported by Satya Murthy et al. using
the neutron diffraction technique. An explanation based on the
relative strength of the exchange constants JAB and JBB is given to

account for this difference. Within the limit of experimental errors

the cation distributions calculated from the well resolved spectra



in a 50 kOe external field are vroven for the first time to follow
“
'3 £ ‘m N
the formula (anFe1~X>[N11=XFel+X]O4 for 0¢X ¢1, The hyperfine

field at the A-site is almost constant for the entire range of X
values and this is consistent with the finding of the Sb substite-
uted LiFeSO8 reported by Evans and Swartzendouber. The decrease
of the B-site hyperfine field is explained in terms of the concept

of the "supertransferred hyperfine field" which is known to exist

in some well localized d-electron systems.



1 INTRODUCT ION

1.1 DOUBLE EXCHANGE

This mechanism was first proposed by Zener {17 in suggeéting
that ferromagnetism arises from the indirect coupling of incomplete
d-shells via the conduction electrons. He postulated that magnetic
behavior of transition metals was determined by the relative strength
of three types of spin coupling, namely, between d-shell electrons,

d-shell and conduction electrons, and conduction and conduction elec-

trons. The total spin energy was then

2 2
= Yad§< — + X
Espin % Sd deSC 2’58c (1)

where d, § and ¥ were constants in energy units. By minimizing ESpin

with respect to the conduction electron spin Sc he obtained

- _ 2 2
Espin*%(d (P/i)]sd. (2)

Therefore the magnetic behavior will be solely determined by the

relative magnitudeé of PZ anddb’, that is

> ferromagnetism
d ¥ (3)

< antiferromagnetism.

2

He applied this concept to the system ( Lal-x Ax ) MnO,3

1
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where A represents Ca, Sr, or Ba. Here, instead of having direct
exchange between d electrons there is an oxygen in the middle. He
suggested that the extra electron on the Mn3+ ion can move back and
forth'between the two Mn ions if the transfer does not change the
electron spin direction and if the spins of the ions are parallel.

The exchange energy € is given by the integral

* # 0 spins parallel
[RACEDRAL @

= 0 otherwise

3+. This he called ' Double

+ + +
where 'q»l s Mnd -0-Mn*" and A}/z Mn ¥ 0-Mn
Exchange ''. Anderson and Hasegawa [3] have investigated this mechanism
in greater detail and with considerably more general assumptions.

They, using a semiclassical approach, derived the energy of the

system to be
E=-JS+ b (cos 6/2) (3)

for JS»b where J is the intra-atomic exchange integral, b the
transfer integral, S the spin of the ion and @ the angle between
two ionic spins in adjacent sites. Here the energy is linear

in S while for superexchange interaction it is quadratic in S.

The angular dependence is also different.

1.2 SUPEREXCHANGE

This exchange mechanism was originally proposed by Kramers
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{4] and subsequently investigated by other workers [5]. No attempt is

made here to discuss it in detail except to point out some of the

ma jor contributions to this exchange. We consider only the case of
indirect exchange. (i) Correlation Effect: This mechanism Le,7]

takes into account the simultaneous partial bond formation on each
side of the anion. This formation occurs whenever there is an empty
cation d orbital overlapping with a full anion p orbital. This can
be explained simply as follows. If the cation has an oriented net
magnetic moment, the two p electrons will not have an equal proba-
bility of being shared by the cation. According to Hund's rule, if
the d shell is extended by the s and p orbitals to form hybrid orbit-
als in the lattice, the anion electron whose spin is parallel to the
net cation spin will spend more time on the cation than ﬁhat with
antiparallel spin. This bond is predominated by a single electron
and is sometimes called " semicovalent ". For example, in the case of
dS-O-dS, only po orbitals with spins antiparallel to the cation spin
can participate in bond formation in accordance with Hund's rule and
thué the cation spins are coupled antiferromagnetically. Of course
the p« orbita}s.also contribute to the antiparallel coupling but this
is considerably weaker than the 6 bonds. In the case of d3-0—d3, on
the other hand only pe orbitals with spins parallel to the

cation spins can contribute significantly in the bond formation

and the cation spins are antiparallel.

This coupling is weaker than the first case because it in-



A

volves a third-order rather than second-order perturbation theory Lel.

The transferred spin involves a further exchange coupling within

the ion, that is, the coupling between the eg and t2g orbitals.,

Finally for the case dS-O-d3, the spiﬁs on one side are parallel
and on the other antiparallel and consequently the cation spins

are ferromagnetically coupled.

(i1) Delocalization: In this mechanism, an electron is
assumed to drift from one cation site to the other, so it depends
sensitively on the amount of orbital overlapping. Since there is
no direct overlapping between cations, the transfer integral, bij’
is proportional to the square of the overlapping of the cation and
anion orbitals or J is proportional to the fourth power of the over-
lapping. For the first case discussed in (i), the cation spins are
strongly antiferromagnetically coupled, same as the direct‘super-
exchange between two eg orbitals. The second case is weakly anti-
ferromagnetic because only the 4 bondings contribute. The third
case corresponds to the direct exchange between half-filled and
empty orbitals and is ferromagnetic but the weak antiferromagnetic
bonding is also present.

Of course, we can have indirect superexchange involving
more or less than half-filled orbitals .and they can be discussed

in similar terms.



IT. LalabeanO

2.1, INTRODUCT ION

In early 1950's, Jonker and Van Santen [9] studied
+
polycrystalline materials with the general formula (Lai_XM§+)

+ 4+
nz_XMn; 03 where M is a divalent cation, either Ca, Sr, Ba,

M
Cd or Pb. TheSé materials crystallize in perovskite stfucture°

The La and M ions are positioned at the corners (0,0,0) of the
simple ideal perovskite cell, the Mn ions at the cube centers
(%,%,5) and the O ions at the face centers (%,0,%). The end
members, X =0 or 1 are antiferromagnets and insulators.

For certain ranges of X, wusually in the region X ~ 0.3

the compounds were found to be essentially ferromagnets

with a pronounced higher electrical conductivity [9]. To account

for the ferromagnetic interaction, Zener [1] introduced the theory
of double exchange wherein free or quasifree d-band carriers are
exchanged between Mn3+ and Mn4+ ions. This theory was further
developed by Goodenough [6], Anderson and Hasegawa [3] and De Gennes
[10]. On the experimental side, transport measurements of poly-
crystalline (LaSr)MnO, was reported by Volger [11] and neutron

3

3 by Wollan

and Koehler [12], Lack of stoichiometry had been a serious drawback

diffraction measurements of polycrystalline (LaCa)MnO

in these earlier studies. However, since then crystal growth

technique has been greatly improved, good single crystals in a

5



limited range of X could be grown by the flux technique [94]. Thus

a more thorough study of this family of compounds becomes possible.
Perovskites are a family of compounds having a crystal

structure similar to that of the mineral perovskite CaTiOB,'and,

in general, can be designated as ABX3 where A = larger cation,

B = gmaller cation and X = anion. In order to have perovskite

structure, the ions have to satisfy certain conditions. Usually, the

B cations occupy corner-shared octahedra and this requires that

the B cations have a preference for octahedral coordination and

have an effective charge since this structure is stabilized mainly by

electrostatic energy. These stable, polar octahedral-site building

blocks form the skeleton of the perovskite structure. The relatively

large anionic interstice which the A cation must occupy created

by these blocks in turn requires a certain size for the A cation.

Thege conditions are summerized by the tolerance factor 2]
- 1
t=(r, + rx)/[Q(rB + rX)] (1)

where T,s Tps Ty are empirical radii of ions A, B and X respectively
with the added conditions for oxides which concern us mainly in
this study that L\ % 0.90 & and rp » 0,51 A since A and B must

be stable in twelvefold and sixfold coordinations respectively.
2.2 SINGLE CRYSTAL GROWTH

‘Since the phase equilibrium diagram required for the

selection of suitable starting reagents for the growth of
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(LaPb)MnO, single crystals was not known, a number of compositions

3
and growing conditions were tried.
The 100 cm3 platinum crucibles were loaded with selected
amounts of LaZOB’ Mn02 and a PbO-PbF2 flux. These materials
were in powder form and compressed with a rod under finger
bressure. Each crucible was fitted with snap-on lids which,
however, led to a variable evaporation of flux. The crucibles
were placed inside a muffle inserted in a large top-loading
furnace heated by four pairs of Norton globar resistence elements.
The system was then brought to a chosen soak temperature between
1165 and 1250°C for 24 hours to ensure that all constituents
were in solution. Thereafter, cooling at the rate of 1°c per
hour with a stability of 1°C was achieved with a Leeds and
Northorp programmed controller that fed a saturable reactor,
which in turn controlled the input to a 10 kW autotransformer.
The temperature was sensed with a platinum-platenum
10% rhodium thermocouple beneath the furnace inserted through
a hole into the muffle where the tip was positioned close to
the bottom of the crucible. The purpose of the muffle was to
reduce the thermal fluctuations and to act as g filter in reducing
contamination of the furnace with flux (usually lead) fumes.
When the temperature reached 980°C, the power was
turned off and the furnace top opened slightly. The crucibles

were removed about 24 hours later when the furnace had cooled



almost to room temperature.

A typical run would be using 120 gm. of PbO, 120 gm.

of PbF,, 19.85 gm. of La,0, and 21.15 gm. of MnOZ, The purities

273
and La203 were 99.9%, 99.8% and 99.99% respectively.

99
of PbO, MnO2
No specificétions were available for the PbF2° For different
values of X, different quantities of La203 and MnO2 were used
but the amount of flux material was kept usually constant.

The (LaPb)MnO, crystals were removed from the solidified flux

3
by boiling in glacial acetic acid for a minimum of 100 hours.

A total of 35 runs were made and each run took, on the average,
18 days. The crystals were found throughout the flux indicating
that the two densities were about equal. The total crystal yield
from one run is shown in Fig.la. The largest crystal volumes
were about 0,15 cm3, big enough for the present series of
experiments. The growth habit produced cubes with {100} faces;
Fig.lb,

Twinning was often found, particularly for those
crystals formed near the crucible bottom (Fig.lc). However,
sizable crystals can only be obtained in a limited range
0.26 £ X £ 0.44. Outside this range the crystals were very much
smaller and poorer in quality. Several attempts had been made
but without success.

Fig.ld shows the photomicrographs of the surfaces

of gome single crystals. In a, b and c, the surfaces show



1. Synthetic single crystals of (LaPb)MnO,. (a) The yield
from one crucible. (b) A typical cube-3haped crystal
with 100 faces. (c) A multitwinned crystal.
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grooves of one to two microns deep which are believed to be
etched by the flux, because d shows a surface which is shiny

for a run in which all the flux had evaporated. The etch pattern
such as that brick-like structure shown in ¢ does give us some

ideas about the growth process.
2.3 COMPOSITION ANALYSIS

X-ray fluorescence was used to determine X. The samples
were prepared by grinding about 1 gm. of single crystals into
fine powder which were cleaned in acid to remove possible remaining
flux and then pressed into a disk, with the addition of 0.3 gm.
of BZOB as a binder. Standard disks, used for comparison, werg
made from mixtures of La203, PbO, and MnO2 powders.
Measurements were made in duplicate and averages were
used to determine the final result. Typical plot for determining
La and Pb contents is shown in Fig.2., The two weight percents
were then normalized such that the sum of La and Pb atomic fractions
equalled one, that is, no defects were assumed to be present.
Results on five selected runs are given in column one
of Table I. The total manganese content and the relative amount
3+

of Mn

(131,

+
and Mn4 were determined by standard volumetric techniques

Prior to any wet chemical analyses, the crystals were

boiled for 3 hours in 6:3 HCIOL;—HNO3 solution to remove any

flux inclusions. The total amount of manganese present was
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+ +
determined by the bismuthate method [12]. The Mn'3 and Mn4

contents were determined by adding an excess of standard
ferrous ammonium sulfate to the samples dissolved in a dilute
sulfuric acid solution, filtering off the PbSO4 precipitaté,
and oxidizing the excess ferrous lons with standard KMnO4°
The weight percentages of total Mn, Mn.3+ and Mn4+ thus determined
are listed in Table I. Within the experimental errors inherent
in the fluorescence and chemical methods, the agreement is
satisfactory. |
Electron microprobe [14] with a beam diameter of about
1 micron was used to determine the homogeneity of the crystals.
it was found that the La and Pb contents were constant to
within 1% along paths about 3 mm 1in length. Therefore, the
lead doping can be assumed to be very uniform throughout the

crystals.
2.4 CRYSTAL STRUCTURE

The lattice constants of (Lan)MnOB'were determined
with a Philips 57.3 mm. radius Debye=-Scherrer camera and
diffractometer using both Fe-Mn and Cu-Ni radiation. A silicon
standard was used to correct the line positions in the diffrac-
tometer traceg. To avoid any variations in line intensities
from preferred orientations, the powdered samples were mixed

with gum tragacanth. The structure was found to be rhombohedrally

distorted perovskite. Goodenough L6l has pointed out that the
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ordering of Mn-~O=Mn covalent bonding in our composition range
would produce a cooperation elastic strain to rhombghedral
symmetrye.

The complete powder diffraction data for La0‘62PbO°38MnO3
are given in Table IL. The presence of the weak 131 line
indicates that the cell edges are doubled. The lattice constants
are listed in Table III for five compositions. The average error
in o 1is estimated to be less than + 3 min. The theoretical

rh
£ -3
density for one component, La0°60Pb0°40Mn03 is 7.532 gm. cm

3

which agrees well with 7.451 gm. cﬁ~ which was determined by

using the Berman balance.
2.5 STATIC MAGNETIZATION

The magnetization of five representative compositions

has been measured from 4.2 to 773°K [95] which is well above the

Curie temperature, Tc.

2.5.1 EXPERIMENT AL, APPARATUS AND METHODS

A vibrating-sample magnetometer [14al manufactured
by the Princeton Applied Research Corp. (PAR) was used for
the measurements. The electromagnet used to produce the static
field was manufactured by Magnion Inc.
‘ The low sample temperatures were achieved~with a liquid-

helium dewer (made available to PAR by Andonian Corp.) equipped

with a needle valve to control the helium or nitrogen flow
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Table II, Powder Diffraction Data for LaO.62Pb0,38Mn03°

Intensity dobs dcalc hkl
18 3.206 3.908 200
77 2,774 2.773 220
84 2.756 2.75% 220

* 2,351 2.363 {i%i
26 2,261 2.261 222
11 2,239 2.240 222
52 1.953 1.954 040

9 1.754 . 1.751 042

9 1.7h1 1.7k 240
50 1.598 1,602 22h
23 1.585 1.586 242
14 1.385 1.386 only
20 1.374 1.377 4540
28 1,237 1.237 062
38 1.232 1.234 %60

3 1,181 1.182 ez

3 1.172 1.173 622

6 1.129 1.125 W4Ty

3 1.117 1.120 Lley

2 1.086 1,087 G40

3 1.078 1.080 640
14 1.046 1.048 642
14 1.041 1.047 642
11 1.036 1.0%4 : 642

6 1.035 1.039 6h2

*Intensity too low to detect on diffractometer trace using
Fe radiation. Line position taken from 10 hour exposure

of Debye-Scherrer photograph.
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into the sample chamber and a heating coil just outside the
sample chamber. The temperatures from 4.2 to 77° K were measured
with a gold 2.1% cobalt-copper thermocouple and from 77 to 300° K

with a copper-constantan thermocouple.

Table III, Lattice Constants of Perovskite (Lan)MnO3°

Sample Formula arh(g.) _arh

Lay 54Pbg 5¢Mn0, 7.799 + 0.010 90° 28’
i'a0,69pb0.31Mn03 7.798 £ 0.010 90° 23
LaOOGZ‘PbogéBMnOB 7.815 + 0.004 90° 24
Lag ¢oPPg . 40Mn03 7.801 % o.-010»' 90° 237
Lag g,Pby ,4MnO, 7.776 * 0.005 90° 19°

For measurements above room temperature, the apparatus
included a boron nitride sample rod and a heating coil enclosed
in a vacuum jacket manufactured also by PAR; the temperature was
measured with a chromel-alumel thermocouple.

Some samples were ground into spheres in order to take
account of demagnetization effects., The grinding was done on

thg ultrasonic cutter. The grinding tip was made of brass and
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was just a flat surface with a sémiSpherical impression in the
centre. Thig impression could be simply made by preésing the
flat surface against a suitable size steel ball. However, the
tip had to be changea quite often because the abrasive groﬁnd
the crystal as well as the mould at the same time.

In the case of single crystal, the sémple was glued
to the end of a long sample rod with G.E. No. 7031 adhesive
which works well even at helium temperature. In the case of powder,
an aluminum holder was used for low temperature, a Boron-Nitrite
holder for high temperature. The sample was placed in the centre
of the pole gap and was magnetized by the static magnetic field.
By Lenz law, as the sample vibrates, a current proportional to
the magnetic moment of the sample is induced in a sensing coil
" which was positiloned near the vibrating sample.

A small spectropure nickel sphere,58.5 emu/gm. at
4.2° K (or 55.07 emu/gm. L14b] at 298° K),was used for the

calibration of the magnetometer.

2.5:2 MAGNETIZATION BELOW Tc

The temperature of the sample in the magnetometer was
always held constant to within + 2°C and for some important
rggions, for example, near the Curie temperature, to better
than *+ 1°C.

Normally, the magnetic field, H, was then varied

from 1 to 18 kOe and the magnetic moment per gram, Oy
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recorded. However, the magnetization was so sensitive to

the change in temperature especially when the temperature

. was about 50°C from the Curie point, that even 1° change
causeda large change in the extrapolated moment as well as
the susceptibility in this region. In order to avoid these
pitfalls, we had to record the temperature as well as the
magnetic moment at each applied field strength so that we could
plot the magnetic moment versus the temperature at constant
field value, A ﬁypical ploﬁ is shown in Fig.2a. From this
plot we could then obtain G}Ivalue at fixed temperature
accurately. A typical set of Gwlversus H curves for one
chemical composition is shown in Fig.3. The curve for 4.2° K
has been lowered at H = 18 kOe by almost 1% to correct for

’a wegk moment induced in the thermocouple; the correction is
negligible for temperatures above 20° K and for low fields at
all temperatures.

A value of the spontaneous magnetic moment per gram
was obtained by extrapolating the linear portion of the curves
of the type in Fig.3 to zero internal magnetic field. Curves
of Gy (H = 0) versus temperature are plotted in Fig.4 for the
five selected compositions. The magnetic moment per gram at
T = 0° K was obtained by extrapolation, and is listed in
Table IV. A theoretical value assuming complete ferromagnetic
order of the manganese spins can be calculated from the average

+ o 3t
spin {S) based on the Mn4 /Mn3 ratio. These values, also listed
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in Table IV are in reasonable agreement with the experimental
ones, the largest difference being 3%. It is of interest to
note that the magnetization curves cross. Also in the vicinity
of the Curie temperature, the curves display the well-~known
"ggil" which is possibly due to some short-range ordering

peculiar to a ferromagnet.
2.5.3 SUSCEPTIBILITY ABOVE 'l‘C

The susceptibility per gram, )Cf, has been determined
above TC up to about £00° K for the five compositions from
the 1inearv($M versus H curves. The reciprocal of the suscepti-
bility in units of (emu/nge)_1 is shown as a function of tem-
perature in Fig.5 for the two extreme compositions (X = 0.26
and 0.44); the curves for the othér compositions lie in between
and have been omitted for clarity. The curves are similar to
those observed for the normal metallic ferromagnets such as
iron and nickel, exhibiting a curvature just above Tc and

becoming linear at higher temperatures. The Curie constant,
¢ =nNg? p.2 > |
= Ng“ pp” <85> (<s> + 1)/3k, (2)

determined as the inverse slope of the linear portion, yields
; 3+
{SY» . The values of <(S) obtained for different Mnlﬁ/Mn3

ratios are also listed in Table IV; the agreement with < S)

for the chemical formula is incredibly good. Indeed, to the
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best of our knowledge, of the known elemental metallic ferro-

magnets, only for gadolinium is there comparable agreement.
2.5.4 SUSCEPTIBILITY BELOW TC

The susceptibility determined from the linear portion
of the set of curves similar to that shown in Fig.3 is plotted
as a function of temperature in Fig.6. The value at low température,
~l x 16_4 emu/gmOe, is unusually large when compared to metals
such as iron and nickel. The anisotropy of the material is small,
and hence, it would appear that technical saturation, between
field strength of 10 to 18 kOe, had been reached. Since the
Van Vleck and Pauli paramagnetic susceptibility is not normally
this large, it may be that there is a canting of the manganese
moments. However, since the extrapoiated saturation moment is
so close to the theoretical moment assuming total spin alignment,

the canting angle if it exists, would be quite small.
2.5.5 CURIE TEMPERATURE AND CRITICAL EXPONENT DETERMINATION

In order to determine the Curie point and to examine
the magnetization just below Tc’ because of the "tail", the
data was subjected to further analysis. First, the full curves
of Fig.7 were obtained by applying the Weiss and Forrer L15]
méthod of constant magnetization. A typical plot is shown in
Fig.8. Three curves show, and the other two hint at, a small

"bump' near Tc; the Curie temperatures obtained by extrapolation
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are given in Table IV. Second, the dashed curves of Fig.7 came
from & method [16] based on thermodynamic reasoning, (Appendix A)

in which €@ 2 is plotted against H/6M‘ Now both the bump

M
and tail are gbsent; the Curie temperatures found are also
listed in Table IV. Another method developed by Kouvel and

Figher [19] yields results close to those of the second method.

The Curie temperatures could also be determined by using
T

the relationship [97] Oy AIHl/S( ) if S(TC) was known.

Regardless of the method of analysis, the Curie temperature

is almost a linear function of composition X over the range

of Mn4+/Mn3+ ratios studied.

The critical exponent 'B defined by
M(T)/M(0) = D(1 — T/TCY6 (3)
was determined using the data on Fig.7 over the temperature

range 0.95 < T/Tc < 1.0. A typical plot is shown in Fig.9 and

the results for three samples are listed in Table V.

Table V., Critical Indices for Lal-_beXMnO,3°
X D @
0.t 2.1 0.5010.04
0.31 3.1 0.5620.0"%

0.26 3. 0.59£0.0%
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2.6 CONDUCTIVITY

The conductivity was measured by the conventional
four-probe method at room temperature. However, because of the
size problem as well as the characteristic of high conductivity'
in this range of X, the result was accurate only up to order
of magnitude. It waé found that conductivity for 0.26 £ X £ 0.44
.1s Ar102 mho/cm. This problem was later carried on further
by Searle and Wang [ 27] using the Van der Pauw's technique [28].
Consistent results were obtained and'a typical curve of resistivity
as a function of temperature is shown in Fig.l0 reproduced from

S. T, Wang's thesis [29].
2.7 NUCLEAR MAGNETIC RESONANCE (NMR)
2.7.1 INTRODUCTION

NMR has been widely used in chemistry as well as
in Solid State Physics. The theory has been discussed in many
excellent texts [301, so here no attempt is made to discuss
it in detail. Basically, in nuclear paramagnetic resonance,
as a result of the spatial quantization of the nﬁclear magnetic
moments when & magnetic field H is applied, the 21 + 1 states
a{e split into levels with energies M8y PNH° Then transitions

between the levels can be induced by the application of an

alternating field with a frequency given by
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HAw=—g H
N Py (4)

or W= —gNeH/ZMpce

There are many methods [31] to achieve NMR and they
all have their own advantages as well as drawbacks. Fér a
narrow absorption line the steady state method is most commonly
used. However, in solid state physics, largely owing to
inhomogeneity in the field, broad lines are usually expected,
and the pulse method is more desirable. Thus only the latter

method is further discussed.
2.7.2 SPIN=-ECHO METHOD

The principle of the spin-echo method [32] can best
be explained by describing the precessing magnetic moment in
a rotating frame at the sam; angular speed as the rotating of
field. The rf power is supplied as short pulses with a duration
which is short compared to the relaxation times ?H(spin-lattice)
and"Yz(spin-spin). In general, Fhe equation of motion of a
nuclear moment }: with angular momentum 6 in a field H is given

by
-

(45} = £ x H (5)

The time rate of change of G in the rotating frame, denoted
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-d

d& | d by [
by (ét ), is related to (é.t) y [33]

=

(5] = (&) + &G (6)
Using equation (5) and F = KE, we obtain
r!

-
h et
where o }% +

I

);;—;Xg@ 7

8

[= ¥
(x4

=<|EL

The application of a field of magnitude Hl’ lying along the
Xl—axis and rotating about the Z-(or 2Z'-) axis with frequency

w , in addition to the steady field H, produces a new effective
field of magnitude

i .
f=(esfadlt o

e

and making an angle @ with the Z-direction given by tan © =
Hl/(H + W/ ¥). At resonance, that is, @ = — ¥ H, the effective

field is H, and the magnetic moment ;: precesses at an angular

1

speed

(9)

€
B

"¥H
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about the Xl—axis.
The spin-echo experiment starts from a situation
with no rf field present and the magnetization at rest along
the Z-axis (Fig.13a). At time t = 0 a rf pulse is applied
during a time &t shown in Fig.12. The magnetization then rotates

in the YZ-plane (Fig.13b) towards the Y-axis by an angle

¢ = w, St (10)
1

The time &t is chosen such that & = w/2., We call this a
190° pulse'. Then at the instant of the removal of the pulse,
the moment M will lie in the X', Y' plane (Fig.l3c). A signal
will be induced in the receiving coil because of the rotation
of ﬁ in the laboratory system. Because of inhomogeneities in
the applied field H and the distribution in local fields through-
out the sample, certain regions of the sample will have slightly
higher and other regions slightly lower precession frequencies.
Suppose that the sample 1s composed of five regions, each
called a spin isochromat (327, Suppose one isochromat (labeled
0) precesses with frequency @ ( = — ¥ H), whereas two (labeled
+1 and +2) precess faster and the other two slower (labeled
=1 and —2) than w . In time the isochromats will fan out as
shown in Fig.13d. Note that there will still be a net moment

in the —Y'~direction; however, it is smaller than before, hence
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Fig. 12, A schematic diagram of the 90° and 180° rf pulses of NMR.

Fig. 13. A schematic diagram showing the formation of an echo
in NMR (after E. L. Hahn).
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the induced signal will begin to decay. At a later time t =~ t1
the spin isochromats will be fanned out further (Fig.l3e);
there is no net moment in the X, Y plane and the induced signal
will have decayed to zero. Now, we apply a pulse during a time
248t (180° pulée) along X' axis. All the isochromats will

thus be rotated through 1800, as shown in Fig.13f. An induced
signal will appear in the receiver at the time of this rotation.
The isochromats will still be precessing in the same sense,
hence as time goes on, the isochromats will tend to become
"ynfanned" (Fig.l3g). A resultant moment will be produced and
a signal will begin to be induced in the receiver. At t = 2t:1
the isochromats will be in phase again and the echo signal

will reach its maximum value. Then as time goes on, the spins
will again fan out and the phase coherence will gradually be‘
lost. This method works only if ’Yz is short compared to ’?1,
.and more specifically if ’T2 is mainly limited by spatial
field-fluctuations:rather than by spin-spin interaction.

The latter interaction causes, by its random character, a-

loss of phase memory that cannot be restored. However, the use
of a 90°-180° pulse sequence is not essential; induced spin

echoes are observed for any pair of pulses [32].
2.7.2.1 DETERMINATION OF RELAXATION TIME

The height of the echo observed at time 2t1 is proportional

to exp( —2t,/ Q})o Therefore by repeated application of pair
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pulses with different t, a semi-logarithmic plot will provide

1
a measure of the spin=-spin relaxation time, T}. A typical
plot is shown in Fig.l4. This corresponds to the method A

discussed by H. Y. Carr and E. M. Purcell [34].
2.7.2.2. MULTIPLE SPIN ECHOES AND AMPLITUDE MODULATION

The phenomenon, multiple spin echoes, has been observed
in many magnetic materials [35] at 2t1, 3t1,,.., where t1 is
the time interval between the two exciting‘pulses. The spin
system can be described by the following general Hamiltonian

in the rotating frame,

@- N
WLy + 2,0 (L) + ), E’ijILEIjE
i i¢} (1)

where the first term represents the Zeeman energy, the second
term the quadrupole interaction, and the third and fourth terms
describe posgsible spin-spin interactions. Theoretically, it

is first discussed by Solomon suggesting that the formation

is due to quadrupole interaction on 1127 spin echo signal

in KI. He assumed that the Zeeman energy is constant and the
quadrupole coupling constantis inhomogeneously distributed.
Recently, Abe et al. assuming just the opposite predicts,

for the case where the excitation is carried out by two succeed-
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ing arbituary rf pulses, the maximum number of echoes to be
21 where I is the nuclear magnetic quantum number. The spin
echo amplitude has an oscillatory behavior obeying ‘A)%'rm =1
where 7}lthe modulation period and ‘Alé the frequency interval
between two adjacent quadrupole split lines. These predictions
agreé very well with the results they obtained from the ferro-
magnetic materials MnB and FezB°

More recently, Searle and Davis [35] in their mixed
ferrite studies, manganese ferrite doped with nickel, observed
an+ multiple NMR spin echoes up to 22 at 1.6° K and this is
much bigger than 2I1. They suggested that the formation of multiple
echoes in this tasé is due to, instead of the quadrupole interaction,
a nuclear spin-spin interaction, very likely the Suhl-Nakamura
interaction [36] playing the part of the refocussing. The number
of echoes thus predicted is infinite. Of course, the sensitivity

of the instrument limits the number of observable echoes.
2.7.3. EXPERIMENTAL APPARATUS

The basic electronic setup is shown in the block diagram
(Fig.15). The modulation controls the magnitude and the duration
of the pulses which are generated by the pulse oscillator upon
the triggéring of the modulation. The cavity and the rf receiver‘
are tuned first by using V.H.F. signal generator model 608E,
and then the pulse oscillator is tuned by obtaining the maximum

echo height on the oscilloscope. The dual pulse generator and
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receiver, model 6600, were manufactured by Matec Inc. The
cavity used for nitrogen and helium temperature measurements
without external field as well as the glass-~-dewar manufactured
by Pope Scientific Inc. used for low temperature work are both
shown in Fig.l6. |

The teméerature below 4.2° K was achieved by pumping
the liquid helium with a mechanical pump and was determined by
a manometer connected to the liquid helium chamber. 1.6 + 0.1° K
can be attained by this simple method. The cylindrical cavity
designed to be used in the electromagnet (maximum field 18 kOe)
and the superconducting solenoid (50 kOe) is shown in Fig.17.
The capacitor used is the air padding type manufactured by
Hammarlund Mfd. Co., Inc. Because of the limited space available
inside the tail piece of the dewar, the diameter of the cylindrical
cavity is fixed while the length is determined by trial and

error method.
2.7.4, METHODS OF DATA TAKING AND ANALYSIS

In section 2.7.2.1., we have pointed out that the amplitude
of the echo at time 2t1 1s proportional to exp( — 2t1/ 72).
However, the relaxation time ﬁb is itself changing with frequency.
Therefore, in making the measurement, it is not enough to use
fixed t and vary the frequency only, but rather we have to change

the t, as well, The data taking thus becomes quite tedius.
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In order to illustrate the importance of this step Fig.l8a

shows the data points taken at a fixed t, while Fig.18b shows

1

the data points for the same sample taken with various t,

and normalized [37] in such a way that the product of t, and Té

1
equals a chosen constant. The phenomenon that relaxation time
varies as a-function of frequency is also clearly illustrated
in Fig.l14. Since the power output is not very constant as the
frequency 1s changed, certaln precautions have to be made.

The gain of the rf receiver and the pulse oscillator must be
checked and kept constant at each frequency. However, since all
these components are interconnected and interrelated and there
are many other factors that will affect the pulse shape, the

data thus obtained cannot be said to be completely free of

error.
2.7.5. EXPERIMENTAL RESULTS

Measurements were made mainly an three samples of
X values 0.26, 0.31 and 0.40 at temperatures 77° K, 4,2° K .

and 1.6° K.
2.7.5.1. MULTIPLE SPIN ECHOES

Multiple echoes were observed at 4.2° K but not at
77° K, In order to get the maximum number of echoes, the
temperature was further lowered to 1.6 + 0.1° K by pumping

on the helium. For X = 0.26 five echoes were observed and for
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= 0,31 only four echoes and théir recorder traces are shown

in Fig.19.

2.7.5-2. EXTERNAL STATIC MAGNETIC FIELD DEPENDENCE OF SPIN

ECHO AMPLITUDE

Fig.20 shows the behavior of the echo‘amplitude, I,
under the influence of an external field, H, for echo one and
two. Fig.2l shows that if the data are plotted differently,
the portion, at fields strong enough such that the complex
contributions by domain walls can be removed, can be fitted

‘nicely with a straight line.
2.7.5.3. RELAXATION TIME

Fig.22 is a plot of relaxation time versus frequency

48

at 77° K and 4.2° K. It is also observed that the relaxation time

is affected by the external static magnetic field and becomes

longer as demonstrated in Table VI, Furthermore, the amplitude

shows a sinusoidal behavior and it becomes more ptominent as the

external static field is increased as shown in Fig.23. If this

modulation which has a period of ~20 jrsece. is indeed due to

quadrupole interaction— the validity of which will be discussed

in the following section = then according to A. Abragam [?O],

the Hamiltonian for the quadrupole interaction

R, =

Q 41(2.1 -1)L2
[TUAT) +(141)1] 4 E Si{: o(1,+1° )]

238 _[4(30080-1)(31,-1(1+41) + 3sinbCosp

(12)
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Table VI. The Resonance Frequency and Relaxation Time in Different
Applied Fields.

Applied Field Frequency 6
(koe) (Mc/sec) q;(10- sec)
o0 380 10 1+ 1
2 370 21 + 2
4. 365 . e + 2
6 360 91 + 5
8 360 190 + 10
10 360 232 + 10
and by standard first order perturbation
[ = Ly, (3-1)(m*La) (13)
m 4 Q 3
and
EV.Ep 3-1
- - - -4 -
Av%,_ —=m el = Y, (m 2_)_1*7)__ (14)
where

_3890 . _ o C o=
9a—m ya=1(I41) ; H-COSG
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Now if we assume the axis of hyperfine field and the symmetry
axis of electric field gradient being paraliel, i.e. @ =0,

and use the relation obtained by H. Abe et al,[35],
ay T =1 (15)
then from ’T‘m~20 jpsec., we find

equ/h ~ 0,17 Mc;/sec. (16)

2.7.5.4., EXTERNAL STATIC MAGNETIC FIELD DEPENDENCE OF

THE RESONANCE FREQUENCY

The enhancement of the nuclear resonance signal of
a multi-domain particle is mainly due to nuclei in the domain
walls and partly due to those in the domains. Here for (Lan)MnO3
which is known to have extremely low anisotropy [27] and strong
excﬁange, the resonance frequencies due to nuclei in the walls
andlin the domains are expected to be almost the same [ s8],
As the applied magnetic field, H, is turned on, the domains
start to align themselves along H but the effect of H is at
first compensated by the demégnetizing field. Fig.24 shows
that at ~ 4 kOe applied field the sample is saturated, and
from then on, the shifts in resonance frequency is due to

direct interaction between H and the nuclear moment and can
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be described by the equation

< —3
W =
B’N[ H

+(H=H)] (17)
where th is the nuclear hyperfine field and HD the
demagnetizing field, HD can be estimatgd to be between
4’W/BMS and 41YMS, which are, in this case, ~ 3 kOe and

~ 9 kOe respectively. The slope of the curve gives a gyromag-
netic ratio of nuclei XN N 24X IOOO(Oe-sec.)—l, The
negative slope indicates that the hyperfine field is indeed

negative as expected.

2.7.5.5. EXTERNAL STATIC MAGNETIC FIELD DEPENDENCE OF THE

SPIN ECHO LINE SHAPE

The amplitudes of the echoes at various external fields
have been normalized to the same magnitude as shown in Fig.25
for the sake of easy comparison on the line width. The line
width at zero external field is w~ 34Mc/sec and it decreases
as the field increases. Further, it is observed that the amplitude
is greatly reduced if instead of powder, whole singlé crystals

are used.
2,7.5.6. RESONANCE FREQUENCY AND SPECTRUM

The nuclear spins are coupled to the electronic spin

by the hyperfine coupling
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ﬁ - Z —s o -t
hf T AL S (18)

The nuclear resonance energy is obtained by replacing S

by its mean value,

0y = T arl st |
( hf> 4 AT, <S™> (19)
and then
i
|V
4 A<%>/h (20)

which is proportional to AM(T) and at very low temperature to
AS. The resonance frequencies for the three chosen samples at

4.2° K and 77° K are tabulated in Table VII and the spectra

Table VII, Results of Data Analysis of NMR Spectra for

Lal_x?bean.

X T (°K) " Resonance A (cm"lxlo‘B) Mg (k0e)
Frequency (Mc/sec)

0.26 .2 390 + 2 7.0 + 0.1 -377 + 6

0.31 4,2 380 + 2 6.9 0.1 =369 + 6

0.0 4,2 376 + 2 6.8 + 0.1 -365 + 6

0.31 77.0 376 + 2 —_— -365 + 6




are shown in Fig.26. From the magnetization, (SZ) is calculated
and then the hyperfine field coupling constant, A, is deduced
and also tabulated in Table VII. In the calculation g is assumed

to equal two.
2.7.5.7. RELAXATION TIME OF lst AND 2nd ECHOES

The relaxation time ﬁb near the resonance frequency
for X = 0.31 was determined at temperatures 4.2° and 1.7° K
for the first and second echoes and the results tabulated in

Table VIII. It is observed that the relaxation time as a function

. Table VIII. Relaxation Times of lst and 2nd Echo.

Frequency  Temperature | T ( Fsec)
K) 2

(Mc/sec)

385 B2 h2.6 3+ 0.5
st echo 380 1.7 Wi, 2

385 o2 15.%
2nd echo - 380 1.7 14.9

of temperature is almost constant within experimental error

and the relaxation time of the 2nd echo is much faster ~l1l/3

of that of the lst echo.



AMPLITUDE (ARBITRARY UNITS)

i ’
O@O o La,l_beXMﬂ 03
) o .

o O<>0 T=4.2°K
D-oobooo 06000 x=0.26
1 °,

o ©
OOO
° o

o 3 T=4.2°K
O} oo00 <>ooo 066 %x=0.31
1 00

o ©

K ©

0o % T=4.29K
0 00° %0000 x=0.40

$o
1 S o
] o
o
e o T=77°K
-0t 00 o 0° o@o x=0.31
300 400 500

FREQUENCY (Mc/sec) -

£
beXMnO with 0.26 < X £ 0.4,

Fig. 26. NMR spectra of La 3

1=



62

2.8 DISCUSSION
2.8.1 STATIC MAGNETIZATION

The shape of the magnetization versus temperature curves
was considered with respect to standard theories. In Fig.27
the Brillouin function for (S>»=1.84 fitted to the experimental
data on La)  oPby ,.Mn0, at T = 0 and 250°K, is plotted as a
dashed line. The agreement is respectable below 300°K (T/TC( 0.9).
If the data had been fitted at absolute zero and the Curie temper-
ature, the theoretical curve would obviously have fallen well

below the experimental points. A rather good fit was obtained for

0 % T/TC £ 0.9 by using an equation {39] of the form
[MC0) - M(T)I/M(0) = aT™ (20a)

where x has a value of ~ 2.,7. The rapid drop in magnetization

near the Curie temperature was thought to have its origin in lattice
distortions. This lead to a calculation done by Oretzki and Gaunt
L26] in which they fitted the magnetization versus temperature curves

using a molecular field approach with an exchange energy given by

_ 3.8 M (2 M (4
e = = 3 507 KT, [( O) + 0.125 ( o) ] (21)

and the fit is reasonable. In order to explain this quartic

coefficient of 0.125, a few percent change in volume is needed.
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However, using a powdered sample of La0,62Pb0.38Mn03’ they
did not find any volume or distortion anomaly of order 1%
just below the Curie temperature and they concludgd that the
quartic term required to explain the magnetization can not
have its origin in a volume-or distortion-dependent exchange
energy constant.

The correlation between the spontaneous magnetization

and the electrical resistivity was first noted by Van Santen
and Jonker [9] and in turn led Zener [1] to pronose the
double~exchange interaction. In Fig.28, the spontaneous

0

magnetization at a given temperature for La0r69Pbo°31Mn 3

is plotted against the corresponding resistivity for the entire
range from 77° K to the Curie point, Near Tc, the magnetizations
obtained by the thermodynamic method are used. Clearly, the
relationship between SM and £ is close to linear, although
the deviations may be significant.
The high correlation between the magnetization and
the electrical conductivity suggests that they have similar
origins, viz. in electron double exchange between the Mn3+
&t . 2=
and Mn ions involving the intermediate O ions. For the
3+ 4+
ensemble of Mn~ - Mn ions, there will be a large number of
configurations that have the same or almost the same energy.

The ‘electrons involved in the double exchange will have Bloch-

like wave functions that extend over the entire crystal and
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will lie in an unfilled, albeit narrow, band. The interaction
~ between ﬁhe localized 3d electrons of the Mnl‘+ ions via an
itinerant electron, which is just Zener's double-exchange
interaction, is ferromagnetic. The rapid decrease in the
magnetization on the app;oach to the Curie point would, in

this picture, be the result of a collapse of the double-

exchange electron band, implied by the rapid corresponding

increase in resistivity.

A model based on the resistivity and magneto-resistance
data was developed by Searle and Wang [40] to explain the
correlation between resistivity and magnetization. They argued
that since the conduction band was strongly spin-polarized
suggested by the data, the average effective exchange energy
(between the band spin, S, and the ion-core spins Sd')

— AE =~-~K (Sz) { Sdz) was required to be greater than the

Fermi energy EF’ that is,
OE/EL > 1 : (22)
However, most of the other rigorous calculations [41]

assume just the opposite and thus cannot be used. Based on

this, they arrived at an equation,

2 |
_C1- M(T) /M(0
€ = ¥ T CHTIMOT 2 - (23)

66
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which gave a good fit with the magnetization data shown in
Fig.28 and Fig.29.
In the theory proposed by De Gennes [103, the

competition between the ferromagnetic double-exchange

interaction and the antiferromagnetic superexchange interaction
will lead to a canted ferromagnetic arrangement for certain
compositions. However, the agreement between the magnetization
observed at T = 0° K and that expected from the chemical
composition (Table IV) implies that any canting must be slight,
provided of course that there is no appreciable orbital
contribution to the ﬁagnetic moment. By the same token, the
electrons in the double-exchange band must be fully polarized

at absolute zero.
2.8.2, SUSCEPTIBILITY

The susceptibility above the knee of the magnetization
curve (M versus H, Fig.3) is aboﬁt 10 4 emu/gOe at low temperatures.
This large value could possibly have its origin in a small
canting of the manganese moments. Experiments at higher applied
fields should be informative.

| At the Curie temperature, the collapse of the double-
exchange band would be complete, and hence at higher temperatures
ail the magnetic electrons would be locglized at a given'instant

+ +
of time to form a random distribution of Mn'3 and Mn4 ions.

Under these circumstances, it is reasonable to expect a Curie-
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Weiss behavior, as indeed has been predicted by Anderson L42],
who has withdrawn an earlier incorrect prediction [31. A
small curvature in the reciprocal susceptibility versus

temperature curve above Té (Fig.5) is predicted by the series

expansion and the Bethe-Peierls-Weiss theories of ferromagnetism,

and is essentially the result of short=range order persisting.
2.8.3. CRITICAL EXPONENT

The values in Table V agree reasonably well with
that found in YFeO, [20] ( B= 0.55+ 0.04, D = 3.9) and
Fe,0, (211 ( p»0.53, D~ 3.5). In 1965, D, G. Howard et al.
[22] reported that they found for Fe in Ni a ﬁgy 0.3 for
T/Tc > 0.996 and = 0.51 % 0.04 for 0,996'<T/Tc< 0.9995.
Ag far asg theoretical work ig concerned, Landaufs theory
[16-17] of second-order phase transitions predicts that inde-
pendent of model, }5¢= 0.5, although.the assumptions used in
the derivation are not wuniversally valid [24]. calculations
based on Ising three dimentional model all give pg\_r 0.3.
However, Gallen and Callen [24] did predict such a change in
f8 for Heisenberg ferromagnets as the temperature approaches
Tco Kadanoff [ 25] et al. suggested that this change could be
due to the dipole force which is much weaker than the exchange
f;rces at low temperature predominating at temperature near Tc'

Since the dipole force is long-range, it might be expected to

produce qualitatively different critical behavior from that
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produced by the short-range exchange forces. This could be

the explanation for our B value. The sudden drop iﬁ the
magnetization curve could indicate the disappearing of the
double-exchange force while the long-range dipole force persists
since the rhombohedral distortion remains far beyond the Curie

point [26] °
2,8.4, NMR
2.8.4,1, MULTIPLE SPIN ECHOES

The number of echoes at temperatures 4.2 and 1.6° K
is always less than or equal to 2I and does not change drastically
with temperatﬁre° For the composition, X = 0.26, there are four
at 4.2° K and only five at 1.6° K. However, in the manganese
ferrite studies [35], Searle and Davis observed two or three
at 4.2° K and about twenty-two at 1.6° K and Hirai and Fukuda
in Japan observed eight at 1.6° K and about twenty-two at
0.4° K. The Suhl-Nakamura interaction is important only at
very low temperature, therefore, we would expect it to be
extremely sensitive in temperature change. Furthermore, we
observed modulation on the spin echo amplitude when an external
magnetic field was applied as shown in Fig.23. The ratio of the
relaxation times between the first and second echo is ~ 3 while
in [35] w 2. All these suggest that the mechanism of forming
multiple spin echoes in this particular compound (Lan)MnO3

is quite different from that of the manganese ferrite and

favor the mechanism that is due to the effect of quadrupole




71

interaction.

2.8:4.2, EXTERNAL STATIC MAGNETIC FIELD DEPENDENCE OF

SPIN ECHO AMPLITUDE

The reduction of the spiﬁ echo amplitude in the presence
of an external applied field is in fact due to the reduction
of the enhancement factor, M which can be worked out simply
as follows. The effect of transverse of field, ﬁx, is to turn
the electron magnetization M through an angle HX/(Ha - HD + H),

thus establishing a transverse magnetization

Hx
Mx = M —— (24)
H-H-+ H
a D

where Ha is the static anisotropy field acting on the electfon,

HD is the demagnetizing field and H is the external applied

field, Since‘the hyperfine field points to the opposite

direction of the magnetization M, it also is rotated through

this same small angle. The nuclei then see an effective transverse

field

M ' H

- _X - hf
Hype = Hx+( v ) Hoe = (1 + ) H (25)

-H +
Ha HD H X

The transition probability, and thus the absorption rate,

will then be enhanced by the factor
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H

1' =+ Er:%;;E )2 = (1 + 0 )2 (26)
a D

as the external field becomes strong enough such that Ha and
HD may cancel each other and since th/H is of order 100,

then to a good approximation,

(27)

We have shown in Fig.21 that this is indeed the case.,
2.8.4.3. RELAXATION TIME

Fig.22 shows that there is a minimum in the effective
relaxation time near the resonance frequency at 4.2° K but
this effect is not observed at 77° K, Similar effect was also
observed in the ferrite studies [35] where a model based on
the clustering of spin was used for the explanation. Of course,
in a mixed oxides as this, clustering is known to exist quite
frequently. However, we believe that this effect connects with
the spin-spin relaxation mechanism in a more basic way because
at 77° K where the spin-lattice relaxation can no longer be
neglected this effect is completely washed out. The absorbed

energy at such low temperature can be dissipated only by direct
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or indirect nuclear spin-spin interaction, in other words, via nuclear
spin wave or electronic spin wave respectively. The Suhl-Nakamura
interaction is a typical example of indirect interaction. At
resonance frequency, most nuclei will resonate, and it is reasonable
to say that, at this particular frequency, the relaxation is most
effective and thus the relaxation time 1s the shortest. At frequency
off resonance, only a small number of nuclei--by statistical reasoning
and/or nuclei which are near the domain wall or actually inside the
domain--can absorb energy. Thus, it will be more difficult to find.
the right neighbors to dissipate the absorbed energy. As a consequence,
we would expect a longer relaxation time when the frequency is off
resonance. However, this does not happen when the energy can be
dissipated through spin-lattice relaxation for the case of higher
temperature.

| The line width and the relaxation time may be expected to

follow the relationship
FrT=1 (28)

In solids, relaxation is not the sole contributor to the line
width but many other factors such as distribution of fields,
presence of conduction electrons [47], and so on. Therefore, the
apparent width, r; , is quite different from the true width,[ﬁ.

However, we may expect that the overall effect should still follow
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a relationship
Lr=c 8 (29)

where C is a constant. Therefore, the change in relaxation time -
as observed in Table VI is simply a cbnsequence of the narréwing
of the absorption line width in the presence of én external field
discussed in a later section, 2.8.4.5. |

The sinosoidal behavior in the presenée of an exfernal
field may be understood as follows. The principal»magnetization
process at radio frequencies in multidomain ferromagnetic metal
is known [43] to be the displacement of domain walls, and this
suggests that the nuclei in the domain walls will contribute the
ﬁost to the agbsorption line shape. Within.the,domain;wails, because
of the spin arrangement, a spectrum of dipole fields results and
in turn gives rise to a spectrum of resonance frequency across the
wall. Therefore the signal due to nuclei within domain walls, does
not show distinct quadrupole splitting but is extremely broad.
‘However, this inhomogeneity in fields does not apply to nucleiv
within the domain, and a single quadrupole splitting may be expected.
The effect of the external field is to sweep the domain‘walls out
of the sample and expose those nuclei inside to the radio frequencies.
The sinosoidal behavior can then be observed. -

The total quadrupole splitting is only 0.7 Mc/sec and
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this is extremely small compared with the half width of 34 Mc/sec.

Thus, this quadrupole snlitting can never be observed with the steady

state method.

2.8,4.4, EXTERNAL STATIC MAGNETIC FIELD DEPENDENCE OF THE

RESONANCE FREQUENCY

The gyromagnetic ratio XN determined experimentally
agrees well with the known value 2 x lOSS(Oe-sec)—l. Héwever,.
the demagnetizing field determined from the intefcept of the solid
line at H = 0 in Fig.24 is only about ~2kOe which is smaller than
both (4?1/3)MS and 4w M. Note also that we have used only the last
four points to determine the solid line. The other data points
at lower applied field are all below the solid line. The reason
is that we believe the resonance frequency for the nuclei-in the
domain wall 1s not exactly the same for the nuclei in the bulk of
domaing=-~ justification iﬁ the following section-=-but is slightly

lower L44]. Therefore, the observed frequencies at low fields are

lower than what they should be.

2.8.4.5, EXTERNAL STATIC MAGNETIC FIELD DEPENDENCE OF THE

SPIN ECHO LINE SHAPE

The decrease of line width in the presence of an external
applied field is believed to be the result of removal of domain
walls from the sample. Note that in Fig.25, the spectrum at H = O,

is slightly asymmetric and has a small hump on the right hand side.
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This may suggest the presence of another small absorption peak
owing to those nuclei in the bulk of domains suggested in the
previous section. Another possibility is that this hump is due to
the presence of localized Mnﬁx+ nuclei. However, this proposal
is disregarded, because if this is true, then the hump should
persist even in the presénce of an external field but hié is not
obgerved.

The reduction of amplitude when single crystals are used
is due to the presence of skin depth effect which can be estimated

by using the equation C4s]
$=(e,c%5w)? C(0)

where & is the skin depth, 6 is the conductivity and w is the
frequency. Using 6 ~ 102 mho fcni, Wa 24/ x 400 MHz, then § has

2

a value ~# 2.6 x 16— cm which is indeed smaller than the dimensions

of the single crystal used.
2.8.4.6. RESONANCE FREQUENCY AND SPECTRUM

The peak positions of the resonance spectra correspond
to the resonance frequencies for Mn+3°5 L46) while the hump 1is
interpreted as the contribution from the nuclei in the bulk of
domains. The hyperfine fields for different X values shown in
Table VII can be easily calculated using W = X&(th" HD) where

gN 1s assumed to have the value 2% x 1055(0e-sec)_1, The hyperfine



fields decrease as the X values increase. This is consistent with
the observed magnetization behavior for wvarious X values.,
The hyperfine constant A is constant within experimental

error for different X values as expected.
2.8.4,7. RELAXATION TIME OF 1st AND 2nd ECHOES

The relaxation times of the lst and 2nd spin echoes may
be expected to be different because the lst echo is produced by
the two rf pulses while the 2nd spin echo is produced by some
other mechanism--here it is proposed to be due to the effect of
quadrupole interaction. However, no quantitative theory is known

to us for comparison.
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111, Lal-XPbXMnl-YFeYO3

-3.1 SAMPLE PREPARATION

Three series of polycrystalline samples, X=0.44, 0.034Y40.17;
0.142X40.65, Y=0.1; and X=0.30, 0.306Y$0.15, were prepared by the
conventional ceramic technique. Appropriate amounts of oxides
(PbO, MnO

Mn La,0_ and Fe 5703) according to the chemical

0
2’ 273’ 23 2
formula were well mixed by wet grinding in acetone. The mixtures of
powders were pressed imto pellets and fired at 800°C in a top=loaded

furnace. The pellets were quenched in air, ground into a fine powder,

repelletized and refired at 1000-120000; this sequence of operations

was repeated until a single phase material was obtained,.as determined
by X-ray powder diffractometry.

Samples were élso made by slow cooling in the furnace.
However, the MYssbauer spectra (discussed in a later section) at
room temperature showed small magnetic absorption peaks besides
the central paramagnetic peaks shown in Fig.30a. These peaks can be
removed by reheating the samples to a much lower temperature (QOOOC)
and then quenching in air as shown in Fig.30b. The central paremagnetic
peak is made up of two quadrupole split pairs; the inner'pair
is due to Fe ion in tﬁe Mn site and the outer pair Fe ion in the La or

Pb site. (Justification of these identifications is given in the

78
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discussion section). A closer examination of the spectra in Fig.30
reveals that the outer pair of the paramagnetic peaks becomes more
intense after the sample is quenched. This suggests that the Fe ions
in the La or Pb sites, possibly due to their smaller ionic size (00642
for Fe3+) comparéd to that of La or Pb (1,016% for La3+ and 1.203 fdr
Pb2+) and the unfavourable bonding angles with the other neighbouring
ions, are quite loosely bound to their sites. As the sample is slowly
cooled in the furnace, at a certain temperature, obviously even

below 900°C, the Fe ions tend to bond together to form clusters

which give rise to the observable magnetic splitting shown in Fig.30a.
The samples analyzed in the following sections were quenched in air

or water.

3.2 CRYSTAL STRUCTURE

The cryétal structure was determined in the same way asvthat'
described in section 2.3. It is found that these polycrystals have the
same structure as the single, undoped crystals. Table IX shows the
complete powder diffraction data of La0°74Pb0.26Mn0’9Fe0°103, However,
besides the weak line [1,3,1], there are two more weaker lines [3,5,1]
ahd [3,3,§]. These maykbe impurity lines but none of the d values
from the starting materials matches them. We suspect that these
coxrespond to superlattice lines dua to a possibly non-

3

random distribution of Fe ions in the lattice. The lattice constants
for all three series are shown in Table X. They do not seem to follow

any regular pattern as a function of X or Y and this is also observed

in the undoped compounds.



Table IX, P D L P
owder Diffraction Data for 80.74 b0.26MnO°9Fe0.103

Intensity dobs dCalc hkl
60 3.902 3.902 200
100 2,772 2,772 220
100 2.745 2,747 220
10 2.354 2.362 131
40 2.258 2.260 222
30 2.232 2.232 222
80 1.949 1.951 040
1 1.795 1.798 331
30 1.750 1.751 042
30 1.736 1.739 240
5 1.663 1.666 132
s (i N
50 1.580 1.581 242
50 1.385 1.386 044
50 1.373 1.373 440
30 1.306 1.306 244
30 1.300 1.301 060
10 1.292 1.290 442
40 1.237 1.237 062
40 1.230 1.230 260
10 1.182 1.181 622
20 1.178 1.177 622
10 1.169 1.170 622
20 1.130 1.130 444
20 1.116 1.116 444
20 1.087 1.087 640
10 1.078 1.078 640
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Table X. The Lattice Constant of Lal-beanl-yFeyOB
x y app (B %Arh
0.44 0.03 7.761+0.001 90°%451+731
0.44 0.05 7.763+0.001 90°28'+3"
0.44 0.10 7.773+0.001 90°17'+3"
0.44 0.14 7.789+0.005 90°33'45"
0.44 0.17 7.794+0.004 90%45'+5"
0.14 0.10 7.777+0.020 90°30'+5"
0.20 0.10 7.793+0.008 90°41 '+3"
0.26 0.10 7.798+0.002 90°30 '+31
0.44 0.10 7.773+0.001 90°17'+3!
0.55 0.10 7.775+0.005 90°48'+4"
0.65 0.10 7.773+0.003 90%46'+3"
0.30 0.03 7.821+0.001 90°35'+3"
0.30 0.10 7.797+0.001 90°34'+3"
0.30 0.15 7.797+0,001 90°27'+3"
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3.3 MSSSBAUER STUDIES
3.3.1. INTRODUCTION

" MYssbauer spectroscopy is a will-known technique for magnetic
studies in recent years and its theory as well as its method of
application has been discussed in great detail in many excellent
texts and review papers{4¢7]; so here we yill try to be extremely
brief. Its basic principle is as follows. The particular redioactive

7

5 119
nucleif 497 (Co™  and Sn ™ in this laboratory) are diffused into

suitable matrices (Cr and BaSnO_ respectively) so that when they decay

3
by emittiﬁga photon,the recoil momentum is shared by the entire lattice
instead of the nucleus alone and the recoil energy is effectively Zero.,
Thus the energy corresponding to the emitted photon is well defined

and corresponds to the energy between the excited state and the ground
state and can be reabsorbed by the nuclei in the ground state. The
decay scheme for 0057 is shown in Fig.3l. These MYssbauer nuclei are
mostly used as érobes to examine the electronic charge density,
electric field gradient and the magnetic field in solid state physics.

In general, a nucleus affected by its surroundings can be described

by the following Hamiltonian

——

- e a 1
H = er;-H»ra-vEﬁ;'-‘z@.hV(o)(‘"& (1)

-
The first term is due to the nuclear magnetic dipole moment, P o
o
=3

which interacts with the magnetic field,§4 , due to its own electrons.
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Fig. 31.  Decay scheme of Co37

There are, in general, four cdnﬁfibutions toiq. (i) Fermi contacf
interaction: this interaction arises whenever the atom has a

partially filled magneticvshell, e.g. 3d-shell. This net spin moment

has a different effect on the core up=-spin and down-spin and in tufn
creétes a net spin density at the nucleus. The strength of’the.mﬁgnetic
field forﬁuit spin is 210—250 kOe for ferric ions. Lower values are char-
acteristic of oxides and higher values of fluorides. (i1i) Dipolar field:
this comes from the interacﬁion of the electron spins of lthe surround-
ing atoms as well as the nucleus' own electrons with the nuclear |
magnetic moment. If the surroundings have perfect cubié symmetry and

the spin-orbit coupling is absent, this contribution vanishes. Usually,
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its contribution varies from 1 to 10 kOe. (iii) Orbital contribution:

this arises whenever the orbital quantum number is different from zero.
For metallic iron this term is estimated to be as 70 kOe. (iv) Internal
fields this results directly from the application of an external field ﬁo’
taking into account the Lorentz and demagnetizing fields. All these

contributions can be represented by the following exnression

2 h - N
H = 2,“}5 (a“g(v)SJr L'3+§1-L§3—1——-)+E; (HJ%"-‘M*D M) (@

a A
where S and L are operators for the spin and orbital momenta of the

electron, and Ho and M the applied external field and the magnetization.

However, for some oxides and fluorides, there is also the
contribution from the so called '"Supertransferred hyrerfine field" [ 50]
which is a result of the transfer of spin and charge density from
aAcation to an adjacent anion by overlapping and covalency. As a
consequence, the core polarization is modified and so is the snin
density at the nucleus.

For the 14.4 keV transition in Fe57 which is the isotope
used in subsequent experiments,due to the existence of magnetic hyper-
fine interaction below the ordering temperature, the excited level
splits into four levels and the ground level into two. Fof L=1, in
ogder to satisfy the conditions of conservation of momentum gnd parity,

there are only six allowed transitions, am=0,*1, as shown in Fig.32a.

The second term of the equation (1) comes from the interaction
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Fig. 32. Energy level diagram of Fe57. (a) Magnetic Zeeman splitting
of the two lowest states in a magnetic field. (b) Electric
quadrupole gplitting in an inhomogeneous electric field.
(c) Isomer shift. '
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of. the nuclear electric quadrupole moment, a, with the electric field
gradient due to the surrounding qharges. Its effect on the nuclear
levels is to 1ift all or part of their (2I+1)-folc degeneracy where
I.is the nuclear spin quantum number as shown in Fig.32b.

| The nucleus has a finite radius of electric charge which will
in general be different for each nuclear state of excitation or energy
level. This gives rise to the third term and in turn the observable
so called "Igsomer Shift" or ""Chemical Shift" which can be represented

by the expression

1s5= 22 2o [iyol-1tel )R, -Ra]

2
where .QN»(O)‘?', el\}'s(o)\ are the electronic charge densities of the
(2

absorber and source, and Rex’ Rgd the nuclear radii of ﬁhe exciﬁed
and ground state. It is shown graphically in Fig.32c. The electronic
charge density at the nucleus is very sensitive to the valence statel 51]
of the atom because of the screening effect on e.g. the 3s-e1ectr§n
by tﬁe 3d-electrons of Fe ions. This effect enables us to tell with
some certalnty about the valence state of a certain MYgsbauer ion
in a compound.

} Unfortunately, the quantities thus determined are all produéts
of two unknowns:i,:-ﬁ ,6-q§ , and el"’r'Ze R.L . Excent the first one which

can be resolved within the scope of MYssbauer spectroscony by usinhg

an external magnetic field, the others have to rely on other exneri-
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mental techniques for their absolute determinations.
3:.3.2 EXPERIMENTAL APPARATUS, DATA ANALYSIS AND CALIBRATION

The MYssbauer spectrometer basically consists of a drive on
which the radioactive source i1s mounted, an absorber containing the
appropriate nuclei to absorb the monochromatic radiation and a counter
to register the radiation passing through the absorber. A fuli des-
cription of the electronics of the spectrometer as well as the temnerature
control setup has been given elsewherel 52] and will not be reneated
here. However, one additional remark has to be made concerning the
exact temperature of the low temperature spectra. All spectra at
témperatures near helium were obtained using the superconducting
magnet. The sample holder contacts the helium reservoir via a Be-Cu
spring as shown in Fig.33 but there is no temperature sensor at the
sample, However, by measuring the hyperfine field at the unknown
temperature in a sample that has an ordering temperature near helium
temperature, and comparing it with published values, we can easily
estimate the unknown temperature to within j;O,SO° In our case, one
of the materials studied in later sections has this property; ZnFeZO4
with Ty~ 10°K [53], The temperature is estimated to be 7.0 + 0.5°K.

The spectra at various temperatures were least-squares fitted
by a computer program developed by Powell [54] assuming all the line
shabes to be Lorentzian. Basically, in order to find the best least-

squares fit to a set of data (xj, yj), the quantity

g i &

N
2
D= g E}g(@bs) - féi?h@@.)jé (4)



83

CEY]

| 40 Butpjeiys--- .‘

J9pjoH
» 8jdwos.

°3aul8ew 3urjonpuooiadns sy3j ur dnjss sanjeasdwsl mor g€ °81g

1104 wnujwn)y
\\ ,

91i8D|d
~ }os- owday |
s bp o177 u) ojdwpg




90

n A.

- must be minimized where )’.(‘ll\eo.)-:z : . Here A,, P_, B
PTG, 1aloy-R)/ BY o

are the amplitude, position and half-width of the ith peak. The

goodness-of-fit is defined by the parameter

. |
oS Llebsd - ¥ otenl]' s
J; lobs)

j:i
where Np is the number of points in the. spectrum. A spectrum is con-
sidered fitted satisfactory if Fa~P5Np. In case the spectrum is mag-
netically split , the hyperfine field, isomer shift and quadrupole

splitting are calculated from all six lines by redefining the position

parameters P(i) in the computer program as

P(6) = GH(1+3R) + E.Q. + I.S.

P(5) = GH(1+R) —E.Q. + I.S.

P(4) = GH(1-R) — E.Q. + I.S.

P(3) = GH(-1+R) — E.Q. + I.S. (6)
P(2) = GH.(-l-R) — E.Q. + I.S.

P(1) = GH(—1—3R) + E.Q. + I.S.

where G =g°r%/2K and R = ge/go- Here 8,0 800 W and K are the.
gyromagnetic ratio of the ground state and of the excited state, the
nuclear magneton and the normalizing constant such that the separation

of line No.l and No.6 of an Fe spectrtm equals 130 kOe.

An iron foil was used to calibrate the velocity scale of the
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spectrometer. 10.656 mm/sec corresponding to 330 kOe was used as the
separation between the outermost peaks and 0.16 mm/sec was used to
correct the isomer shift value go that the reported value is with

regpect to metallic iron.
3.3.3, HYPERFINE FIELD DATA

Spectra at 297°K were obtained for all samples in all three
serieg. At other temperatures, only a few selected samples from each
series were used. 500 channels were used for all smectra and they

- were all collected in constant acceleration, the so called "Time Mode''.

3.3.3.1 SPECTRA AT 297°K

1

All spectra at this temperature resemble the one shown in
Fig.34. They were fitted with four lines with width constraints
f; = rl& and FZ = r3a The data are tabulatec .in Table XI and

are plotted in Fig.35 and Fig.36.
3.3.3.2 SPECTRA AT 7°K

The spectra at this temperature are wéll resolved and the
absorption lines show some structures depending on the values of X
as shown in Fig.37 for the series with X=0.3 and 0.03¢Y50.15[96].
Because of the line structure, different kinds of constraints were
used to fit the same set of spectra. In Fig.37, four six-line patterns
were used with width constraints, rl,j = rl,?-j = K, J where 1 and k

stand for pattern numbers (1 to 4) and j denotes the line positions
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Pb Mn, Fe O_ at T = 297°K
X X

Tgble XI, MYssbauer Data for La
l=y "y 3

l-

Pb Fe %e qQ1’4 %e qQ2,3 105.1’4 I-Soz,'%3 . ri,4 r‘z"_‘

(mm/sec) (m.m/ sec) (mm/sec) (mm/ sec;) (‘mm/.sec)(rmn/ sec)

0.44 0.03  1.47 0.240 0.55  0.54  0.40 0.47
0.44 0.05 0.338 0.52 | 0.54
0.44 0.10 0.344 0.52 ‘ ©0.54
0.44 0.14  1.22 0.348 0.54 0.52  0.43 0.6l
0.44 0.17  1.21 1 0.336 0.54 0.53 0.44 0.5
0.14 0.10 0.284 0.54 0.49
0.20 0.10  1.37 0.292 0.53 0.53 0.24 0.56
0.26 0.10  1.32 0.299 0.52 0.53 0.35 0.55
0.44 0.10 0.344 | 0.52 . 0.54
0.55 0.10  1.34 0.366 0.54 0.5  0.37 0.60.
0.65 0.10  1.35 0.378 0.55 0.54  0.40 0.60
0.30 0.03  1.55 0.236 0.54 0.5  0.31 0.40
0.30 0.10 1.33 0.379 0.53 0.53 0.33  0.45
0.30 0.15  1.21 0.337 0.52 0.52 0.37  0.45

*

Error: + 0.01 mm/sec
wk

Error: *+ 0,005 mm/sec

Relative to iron metal; errors: + 0.01
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(1 to 6). The parameters for the final fitting is given in Table XII,
Fig.38 shows the same set of spectra fitted with sligh;ly different
sets of constraints, that is, besides the constraints used before,
the intensities among the patterns were restricted according to the

probability formula
P(n,X) = ( 2) x" (=007 (7

where n is the number of Mn sites occupied by Fe3+, and X the amount

of iron substitution. The final fitting parameters is given in Table XIX
In order to obtain more informations about the substituted Fe spin,
spectra with 50 kOe external field were also obtained as shown in
Fig.39. The final fitting parameters are also listed in Table XII.
Fig.40 shows a set of spectra for LaO.SPbO.ZMn0.9FeO.103 at Qifferent

strengths of applied magnetic field.
3.3.3.3 SPECTRA AT VARIOQUS TEMPERATURES

Fig.41 shows a representative set of spectra between nitrogen
temperature and room temperature. Because of the line broadening and
comparatively poorer resolution at these temperatures, only the average

effective fields were determined and plotted in Fig.42.
3.% MAGNETIZATION AND CURIE TEMPERATURE DETERMINATIONS

The magnetization of a few selected samples was determined
in the same manner as tlat described in section 2.4.1 and the results

are shown in Figs.43 and 44. The Curie temperatures of the samples
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Table XIII,

0.700. M _yFey0,

with Intensity Constraints.

MYssbauer Data for La

y HO(kOe) Hl(kOe) Hz(kOe) Hq(kOe) H(kOe)
0.03 528 491 458 472
0.10 515 478 419 389 480
0.15 512 480 433 395 483

y I.s., 1.8, I.S., I.S..  I.s.

(mm/sec) (mm/sec) (mm/sec) (mm/sec) (mm/sec)

0.03 0.66 0.53 0.90 0.66
0.10 0.60 0.61 0.59 0.49 0.58
0.15 0.63 0.65 0.64 0. 60 0.6l
y %ez Q(lto4) %ez Q [T (ltod) r

q 4 1,6 1,6

(mm/sec) (mm/sec) (mm/sec) (mm/sec)

0.03 -0.018 -0.294 0.44 0.52
0.10 -0.033 -0.363 0.66 0.57
0.15 -0.024 -0.312 0.65 0.45

Fe,0O. at
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were obtained by extrapolation and tabulated with the extrapolated

saturation moments at OOK in Table X1V,

Table XIV., Curie Temperatures and Saturation Magnetization of

La,_,Pbydn,  Fe O,

X Y 1K) 6, (0)emu/gn 5;heor(o)*emu/gm
0.31 0 330 78.8 78.5
0.30 0.03 224 71.4 73.0
0.30 0.10 196 60.5 59.6
0.30 0.15 184 50.7 50.0
0.44 0 350 74.8 73.2
0.44 0.03 252 61.9 67.7
0.44 0.10 220 52,1 54.7l
0.44 0.17 176 40.7 43.4
0.20 0.10 172 62.0 62.4

Spin-only value assuming iron antiparallel to manganese spin

3.5 NMR DATA

The experimental setup is the same as that described in section

2.7. Because of the lowering of the Curie temperature due to iron

substitution shown in Table XIV, the spin echo amplitude becomes

weaker and even unobservable for the highest iron doped (15 at.%)

sample at 4.2°K. Most of the data were collected instead at l.ﬁjO.IOK
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by pﬁmping the helium with a large capacity mechanical vacuum pump.
Here instead of one single absorption line as observed in the undoped
samples described in section 2.6 two extra side lines appear as shown
in Fig.45. For powder sample it is regsonable to estimate the demag-
netization field by 4%/3 Ms. From the line position, the hyperfine
' ' 3+ &t .
fields corresponding to Mn~ and Mn ' have been determined. Using
= 4pfor Mn3T and 3 for Mn, the hyperfi .

(sz) ’; or Mn~ an ,: or Mn , the hyperfine constants are

tabulated together with the hynerfine fields in Table XV, The identi-
: . 3+ 4+

fication of the absorption peaks with Mn® and Mn  was done by
comparing with other published results on oxides [ 55-601. The comparison
{s shown also in Table XV, The relaxation time Teff (A'Tz) is shown

in Fig.46.
3.6 DISCUSSION

The spectra at 297°K show two pairs of absorption lines. In
order to see if they correspond to two different sites, we did the
following experiment. The recoilless fraction f in the Debye appro-
ximation can be written as [e61]

9 .
f = exp [ - 6ErT/ng ] (8)

for T)’OD/Z. Here Er is the recoil energy and k the Boltzmamconstant.
The £ value is proportional to the total absorption, or to the area

of a MYssbauer spectrum. Therefore, a comparison of the temperature
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Table XV, Results of Data Analysis of NMR Spectra for

LaO.7PbO.1Mn1-YFeYO3 with other Published Values.
3 -1
Ion A (107xem ) H ¢ (kOe) Freq.(MHz)
Mn T 7.1 402 + 5 422 + 5
¥t 7.4 317 332
Ion Method |A|(103xcm-1) Freq.(MHz) Ref.
3+ (o]
Mn~ NMR 53 and 83 250 430 (1.6 K) 55
Mot MR 350 435 (4.2°K) 56
ST R 300 470 (4.2°K) 60
¥t EsR 7.2 ' 57
a*t  ESR | 7.0 0.5 58
Mn &t NMR -7.0 317 (0°K) 59
¥ R 7.2 320 (4. 2°K) 56

dependences of the areas of the two pairs of lines will indicate
whether or not they can be described by different Debye temperatures.
If so, then it is reasonable to conclude that they correspond to
two different iron sites. Of course, the existence of two sites

. . . . P _
is mot disproved by a negative result Spectra of La0070 b0°3O

F ,
MnO.BS 8001503 were taken at four temperatures as shown in

Fig.34 and the data are shown in Fig.47. From the slopes of the least-
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squares fitted lines, two @D are found. They are 352 + 17°K and

297 + 23°K corresponding to the inner pair and the outer ones respectively.
Further, a higher value for OD suggests a tiéhter bonding to the lattice.!
Thus, the identification of sites in section 3.1 is justified. The
constancy of isomer shifts shown in Table XI for different X and Y
values suggests that the s-electron density at the nucleus stays

quite constant within experimental error. This is further supported

by the small change in hyperfine field as a function of X shown in

Table XII. The value~ 0.55 mm/sec suggests they are Fe3+ in both sites.
The quadrupole splitting of FeB+ ion, because of its spherical wave
function, depends solaly on its surroundings. From the data it does not
seem to have any obvious correlation with the lattice constant which
does not follow any regular pattern as a function of X and Y as

pointed out in section 3.2. However, the quadrupole splitting as a
function of X and Y does have some regularities as shown in Figs. 35

and 36. For constant Y value, the quadrupole sgplitting (equ/Z)l’4
associated with the outer pair of lines stays almost constant while

the one corresponding to the inner pair (equ/Z)z,3 increases linearly
as a function of X. For the series with constant X values, the splitting
associated with the outer pair decreases sharply as a function of Y
while the one with the inner pair increases moderately. The irregular-
ities in the lattice constants and the complexity due to different
substitutions suggest that a guantitatrive estitation of the quadru-
pole éplitting is extremely difficult if not impossible. Here no

_such attempt 1s made.

i
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Ag pointed out in Section 2.1, the Goldschmidt tolerance
factor t concerning the relative ionic radii of the components is the
condition for crystallization in the perovskite structure. In thé
following, we try to give a qualitative explanation based on the
difference in ionic radii of the components. The ionic radii of

3+ 2+ 3+

+ 4t ‘
La’ , Pb°, Fe o3 and Mn¥ are 1.016% 1.20%, 0.64%, 0.663 and

0. 603 respectively.
3+ . 3+
Let us compare the case when Fe substitutes for Mn~ or
4+ + +
Mn~ with the case when Fe3 substitutes for La'3 or Pb2+° Since the
' 3+, 3+
fonic radius of Fe 1is so close to Mn~ and so is the charge, we
expect (equ/Z)2 5 to be small but this is not the case between
3+ 3+ 2F
Fe and La3 or pb2 and (eZqQ/Z)l 4 is expected to be large. This
b
is consistent with the observed result. When we change X, because 6f
the difference in ionic radii of Pb2+ and La'3+

, the tolerance factor

t changes further from its value for a cubic structure ( i.e. 1.0),
2
(e“qQ/2) is expected to increase but the difference in radii is small

9 ,
and the change in (e qQ/2) as a function of X is expected to be small.

This agrees quite well with that shown in Fig.35. When Y is changed,
3+

b

' +
and since the ionic radius of Fe3 is only half of Pb2+ or La
2 ’ |
H(e“qQ/2) is expected to be large and this is indeed observed as

shown in ?ig.BG. The decrease of (equ/Z)1 , 8s 2 function of Y seems
5

2+ + 3
to suggest that as more Pb or La3 sites are occupied by Fe

b

some sort of averaging mechanism on the crystal structure appears

+ + +
and the Fe3 in the LaB_,or sz site sees a less distorted surround-
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ing. The (eZqQ/Z) shown in Fig.34 is almost temperature independent,
which 1s expected of a Fe3+ ion and further supports the above sugges~
tion that in both sites gll iron ions are of 3+ charge. At temperatures
below the ordering temperature, the average hyperfine field has

a different temperature dependence compared with that of the magneti-
zation. Fig.48 shows the reduced magnetization versus the temper-
ature and Fig.49 the reduced hyperfine field versus the temperature.
It 'is obvious that the magnetization varies very differently as a
function of temperature depending on its Y value. However, it is

not the case for the hyperfine field which seems to follow a
Brillouin function of s = 5/2 which is simply the electronic

moment of Fe3+ ion,

A comparison of the spectra in Fig.51l, especially the
regions shown by the arrow heads, suggests that the Fe’;+ ions at the
La or Pb sites have a much lower ordering temperature than those Feq
ions at the Mn sites. This is not surprising because the bond angle
of the exchange interaction Fe-0-Mn is 90° which is known to be very
weak [65] compared with the 180° superexchange and the direct overlap
for the Fe3+ ion with the Mn ion is known [65] to be negligible.
Further, the shape of the spectrum at 147°K (see Fig;él) typifies
a relaxation spectrum of TWV10—9 sec.

The areas under different six-line patterns used to fit the
spectra at 7°K (see Figs.37 and 39) are tabulated in Table XVI along

with a set of theoretical values based on equation (7). The agreement
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ix=-11 M .
Table XVI, Areas under Six-line Patterns of LaO,7PbO.% nl-YFeYO%

Fe P 2 p
Fe at.% neighbour Theory (0 kOe) (50 kOe)

3% 0 83.3 81.4 8l.4
1. 15.5 12.9 7.4
2 1.2 5.7 11.2

10% 0 53,1 53.5 55.7
1 35.4 26.8 22.1
2 9.8 19.7 22.2
3 . 1.5

15% 0 37.7 48.6 44,1
1 39.9 30.9 35.9
2 17.6 20.5 20.0
3 4.1
4 0.3

is‘very good. Further, the fitting with intensity constraint (see
Fig.38) gave a chi-square value no worse than the unconstrained fitting
as shown in Table XVII. This indicates that the statistical model is
ba;ically correct. The fitting suggests that the more the neighbour-~

ing ions are substituted by Fe ions the smaller will be the hyper-
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Table XVII,  Chi-square Values of Computer Fits of Laj . bO 3Mn _yFey0a

Spectra with Different Constraints.

Intensity Intensity
Fe Content Constrained Unconstrained

3% 568 600
107% 1285 1070
15% | 1265 1305

fine field. A similar phenomenon has also been observed in many

ferromagnetic alloys [62]. Using a formula;
H(m,n) = HFe(l + an + bm)(1 + kc) ’ (9)

where H(m,n) is the hyperfine field for an Fe atom with n impurity
vnearest neighbours,nn, and m impurity hext nearest neighbours, nnn,

in an alloy of atomic impurity concentration c and a, b the fractional

change in hyperfine field per nn and nnn impurity atom respectively,

Wertheim et al. [62] found that a has a range of values from

—0.065 to —0.083, b from —0.01 to —0.07 and k from O to 0.4,

For our case, we simply consider the nn effect. We believe this is
justified. First of all, the resistivity of our undoped sample

(~10°3 ohm cm) is still much higher than that of metals (w10 © ohm cm)
ané in turn it implies that the d band is fairly narrow. Secondly,

the excellent spectra fitting further supports this. Using the first
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two patterns we obtained a = —0.073+0.002 and k = —0,25t0.04,

However, a equalsw0.09 if the first and third patterns are used,

We believe the adﬁkﬁity of neighbour effects observed in alloys should

still be valid in our case. In our computer fitting, we considered

the cases only up to two iron nn and thus the third pattern is not

simply due to two iron nn but rather a weighted average of two to

six iron nn and this results in a higher a value. This observed result

is quite consiétent with the simple band model proposed by Searle and

Wang L40]. Here the substituted Fe3+ ion acts as a trap [63] or simply

a scattering center for the mobile Zener electrons because of its

spin direction being antiparallel to that of Mn spin. This fact is

determined from the spectra with external field as shown in Fig.39.

In this way, the d electron core-polarization which is believed to

be the dominant contribution to the hyperfine field in this material

is 1o¢a11y reduced and it results in a lower observed hyperfine field.
The line width increasing as a function of iron concentration

suggests that the nnn effect does exist even though based on the

computer fitting result it is going to be small compared with that

of ailoys. The data of the spectra with external field indicate that

whenever an Fe ion sees one or more Fe ions as its nn, its spin bécomes

canted at an angle ~60° in the direction of the applied field.

' As.presented in Table XIV, the measured moment agrees well with the

calculated moment assuming all Fe spins are antinarallel to the Mn

spin, which suggests that the Mn spins neighbouring the Fe site are
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also canted. In addition, the spectrum shown as dotted curves in
Figs. 37 and 39.correSponding to the No. 1 and 4 absorption lines

in the spectrum at 297°K suggests that the large quadrupole gplit-
ting persists even in the presence of an external field of 50 kOe.
This can simply be explained by recalling the Hamiltonian for the
quadrupole interaction given in section 2.6.5.?. éy standard second-

order perturbation theory, the second-order term is given by

E.. =-h (V;/IQVL) m[3/2 5 (1= P ) 8- tha

+1)+ 3/8(!—;-3)2(~2m°-+ 2a - |)] o

where the same notations are used as that in section 2.6.5.3. It
is obvious that this term will not be zero in the avéraging process
for a powder MYssbauer sample. This term can be neglected only if
2
e qQ «fAH,
In Figs. 43 and 44 the rapid decrease of the saturation

magnetization curve near the Curie temperature, f{nterpreted

as tﬁe collapse of the double-exchange baﬁd in section 2.7.1,becomesg
1e§s obvious,as the Fe concentration increases. This suggests that
the Fe57 doped material can no longer be explained by pure double-
exchange mechanism but rather a mixturé with superexchange-mainly the
MnhD-Fe3+ interaction. This ties in nicely with the MUssbauer
result that the Fe3+ spin is antiparallel to the Mn gpin. Thé decrease
of the Curie temperature as a function of Fe substitution is again

expected because the competition between the double-exchange and




123

superexchange would lead to a weakening in the double-exchange mechan-
ism. This is also consistent with the lowering of- the hyperfine

field as a function of Y. Fig.50 shows the saturation magnetization

at T =0 as a funétion of iron substitution. If the linearity
suggested by the dotted line shown in Fig.50 holds for higher iron
conqentration, this suggests that at Y#0.45 the macerial becomes
completely antiferromagnetic.

The NMR result at low temperature is very interesting indeed.
‘Matsumoto L46,56] observed.a similar phenomenon with tﬁe'compound
(Lal_xCaX)MnO3 at very low X values, X£0.175, where he explained the
situation by proposing the formation of a ferromagnetic molecule
at low temperatﬁre due to the d-hole being strongiy bound to the sités
neighbouring to a Ca2+ ion. Of course, this could also apnly to our:
case. However, by examining the data (see Fig.45) closely, we nOticé
that at the same temperature (1.6°K) and the same X value (0.3) the
intensities of the peaks associated with Mn3+ and Mn4+ ions increase
as a function of iron substitution. This suggests that the Fe3+ ion
plays an important role in the localization of the Mn3+ and Mn
.ions;or in other words, ;he breaking down of the double-exchangé in
this case. Fe3+ has five d electrons. The iron substitution implies
thét extra electrons are introduced into the system and it has just
thg opp&site effect compared with Pb substitution which creates ¢ holes
in the system. It is thus reasonable to suggest that the Fe3+
sites acting.as'traps for the d holes. Normally, for the interaction

+ +
Mn3 -O-Mn4 the electron can move freely from the 3+ ion to the
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4+ ion due to double-exchange. In other words, this implies that the
d hole moves from the &+ ion to the 3+ ion. When the Mn3+ ion is

+ + +
replaced by a Fe3 ion we have the situation Fe3 —O-Mn4 . Because
the Fe spin is antiparallel to the Mn spin ( a direct result of the
MYssbauer measurement) and because the d-electrons of the Fe ion:
are known to be more localized than those of the Mn ion [63],
the double-exchange mechanism no longer applies. This results
in a localized d hole and in turn the observable NMR peaks correspond-
. 3+ &t . '
ing to the Mn’ and Mn  ions. Furthermore, a comparison of the spectra
for the 3% iron substitution at 4.2°K and 1.6 K indicates that the
; ; . 3+ 4t
intensities of the peaks associated with the Mn~ and Mn ions
jncrease slightly as the temperature becomes lower and this is consistent
with the theory proposed by Matsumoto. We therefore conclude that,

for our compound, both mechanisms contribute with the trapping

mechanism seeming to play a more dominant and effective role.
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4.1 INTRODUCT ION

In recent years there has been a revival of considerable
interest in the local properties of disordered systems Le6-741.
In particular, there have been several neutron diffraction and
MYssbauer studies of the nickel-zinc ferrite, Nil;XanFeZO4
system [75-78]. As a consequence of these studies, it has been
proven that, first of all, there is a canting of the B site spins
and secondly, that the concentration of paramagne;ic Fe’3+ ions,
either as single ions or clusters; is nowhere near as great as
previously expected. In addition, a local-molecular-field model
has been used to explain the saturation magnetizatién of the
Ni-Zn-ferrite system with considerable improvements‘over previous
attempts. This particular treatment of the saturation moments did
not, however, allow for spin canting and there are small, but signi-
ficanﬁ, deviations between the calculated and experimental moments
at high Zn contents. |

The considerable advancement in our understanding of the
magnetic prbperties of the Ni-Zn-ferrites as a result of the above
mentioned studies notwithstanding, there are still somé cogent

questions that remain to be answered. The correct interpretation

126
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of some of the recently generated results also need to be clarified
and confirmed by additional independent measurements. In addition,
it is felt that it would be desirable to establish the corroborative
aspects of the more recent results by performing a series of
magnetic and MYssbauer measurements on identical specimens from
chemically and strcturally well-characterized parent materials;
this has not been done in any of the studies so far.

Most important among some of the unanswered questions,
is the precise meaning of the canting angles deduced from the neutron
diffraction studies. It is obvious that the neutron diffraction
data permits one to deduce only the average B gsite canting angle.
No information is obtained regarding the local canting angles of
the spins of the N12+ and Feq+ B site ions. In principle, the
canting angles of the N12+ and Fe3+ ions are expected to be different
on a local basis since the B-B and A-B exchange interactions,

' 2+ +
J and J are known to be different (791 for NiZ and Fe? .

BB AB’
In this regard, it is significant that the extrapolated canting
angle of 90° based on the neutron diffraction regults, for the

.+.
B site Fe3 spins in pure ZnFeZO4 is apparently not in agreement
with the observed, rather complicated, spin structure of ZnFeZO4
[80-817. We have, therefore, determined the canting angle of the
3+ 57
Fe spins by means of Fe MYssbauer spectroscopy in external

magnetic fields. We find that there are indeed differences between

. , LR ,
the (average) canting angles of the B site Fe  spins, determined
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using MYssbauer spectroscopy, and the average canting angles of
all the B site spins, determined using neutron diffraction. The
relative magnitudes of the (average) Ni2+ and Fe'§+ canting angles
are qualitatively consistent with the predictions based on-the
relative strengths of the exchange interactions.within the local-
molecular~field approximation.

Secondly, there is the question for the cation distribution.
While it is widely accepted that the site preference of Ni2+ and
Zn2+ for the octahedral and tetrahedral sites, respectively, is
great enough to assure one of the cation distribution (ZnXFel-X)

[Fe 10, for all values of X, the cation distributions

1xty _x09,

have not been proven to correspond to the above formulation for

-~ all values of X. Through the improved resolution of the A and B
. 57 . , .
site Fe MYssbauer spectra in external magnetic fields, we have
. O : . . .
determined at 7° K the cation distribution. The accuracy of the
resulting cation distributions is not limited by differences in
the recoilless fractions at the A and B sites, fA and fB, since

f,/f, is expected to be very close to 1.00 at 7° K and inaccuracies

A" "B
in the cation distibutions deduced from the area ratios of the
MYssbauer spectra will not be greater than 10%.

The possibility of local fluctuations in the magnetic
. 3+ . . .
properties of the Fe ions is also discussed on the basis of a

local-molecular~-field model and local variations in the supertransferred

hyperfine interactions. Line width considerations indicate that
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variations in the hyperfine fields at Fe3+ ions due to iocéi
variations in molecular field parameters are negligible. From

the isotropic decrease in the magnitude of the hyperfine fields,
however, it is concluded that there are substantial variations

in the supertransferred hyperfine interactions as the Zn content

igs varied.

Finally, to assure that the present data have some relevance

to other studies, we have characterized each specimen in termé of

its lattice parameter, chemical composition, saturation magnetization
“and Neel temperatures. The results, of these characterizations
indicate that the materials used in this investigation are very
similar to those used in previous studies. We can therefore be
confident that points of differences and similnrities between the
results of the present study and previous ones are substantive

and not due solely to differences in the materials under investigation.
4.2 EXPERIMENT AL

The ferrite specimens were prepared by wet grinding into
intimate mixtures (specpure grade - Johnson-Matthey) powders of

ZnCO_, NiCO_ and Fe The mixtures of powders were pressed into

3 203
pellets and fired at 1000°C in a muffle furnace. The pellets were
quenched in air, ground into a fine powder, repelletized and

refired at 1200 - 1300°C; this sequence of operations was repeated

until a single: phase material was obtained, as determined by X-ray
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powder diffractometry.

The chemical compositions of the samples were determined
using wet chemical techniques [82]. Since there was a possibility
of loss of Zn through volatilization, only the Zn content was
determined. The closeness of the experimental weight percentages
of the more volatile zinc to the nominal weight percentages makes
it unlikely that the Ni and Fe contents are very different from
their nominal values.

The lattice constants, the saturation magnetization and.
the Curie temperatures were arrived at in the same manner as that
described in previous chapters. Also the same MYssbauer setup

referred to in Chapter III was used.
4.3 RESULTS

The results of the chemical and X-rays analyses are shown

in Table XVIII and Figure 52 and Table XIX, respectively. The

Table XVIII. Data of Chemical Analysis for Ni-Zn Ferrites.

Nominal Zzinc weight percent

Formulas Found Expected
(Zng gFeq o) [Ny 4Fey 104 16.9 + 0.2 16.5
(Zng qFeq 3) [Nig sFe; 9704 18.9 # 0.1 19.2
(zng gFeqy o) [Nij ,Fey glOy 21.6 + 0.2 21.8
(2n gFeq ;) [Nig jFe; 4104 23.5 + 0.1 24,4
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Table XIX. Lattice Constants of Ni-iZn Ferrites.

— Sample formula a* (})
(Fe)[NiFe]O4 8.340 *+ 0,005
(Zno.lFGO,Q){Nio.9Fel,l]O4 8.351
(zng ,Feq. g) Nig gFe; 104 8.365
(Zno.3Fe0‘7)[Ni6.7Fel.3]O4 8.378
(Zno,dFeo;G)[NiO.GFel,4]O4 8.386
(ZnOBSFeO.S)[NiODSFel.S]O4 : 8.399
(ZnO.GFeO.4)[Ni0.4Fel.6]04 8.405
(Zn0.7Fe0°3)[Ni0.3Fel°7]O4 8.417
(Zng qFey »} N, SFe; 410, 8.425
(ZnOOQFeO.l)[NioﬁlFel°9]O4 8.432
(Zn){Fez.O]O4 | 8.442

* petermined from [5, 3, 3] with internal Si standard.

" zinc weight percentages of the various specimens are quite close
to their nomiﬁal values, even though there does appear to be
some slight loss of zinc, as expected. The lattice constants
for the specimens used in this study are given in Table X1X;

they are compared with other previously reported values in
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Fig.52.

The saturation moments, magnetizations and Curie
temperatures are shown in Figs,52; 54 and 55, along with some
previously reported determinations [83-85]. The agreement is again
seen to be rather good. Where there are slight differences between
the values found in this study and those of previous ones, we
believe them to be due to differences in the actual chemical
compositions.

MYssbauer spectra are shown in Figs.56 through 57. The
solid lines through the data points are the results of least squares
fit of the data to two mixed, magnetic and electric quadrupole
hyperfine patterns. In the computer fitting, the shapes of the
lines were assumed to be Lorentzian and their intensities and
widths were allowed to vary freely subject only to the constraints
that I, =1, . and [, = r‘ .. For the zero-field spectra the

j 7-3 j -3
relative integrated intensities of the lines between the two patterns
were further constrained to have the values according to the chemical
formula (anFel-X)[Nil-*Fel+X104° The linewidths, however, were
allbwed to be variable in every case subject only to the f} = r;_j
'constraint.

The parameters derived from the least squares fits are
listed in Tables XX and XXI. They are also plotted in Figs.5¢&
through 63. The area ratios and angles, ©, between the external

+
field and B-site Fe3 hyperfine field directions were derived
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| 1 1 i i

2 4 6 8 10

Curie temperature vs. X values. The solid curve represents
data from K. A. Piskarev [84), (X) from J. G. Booth and

- J Grangle [85], (+) from Satya Murthy et al. [76] and

(o) from this work.
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Fig. 56a. MYssbauer spectra of ZnXNil_xFeZO4 at 7° K. The solid
curves are the computer fits.
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Fig. 56b. MYssbauer spectra of ZnXNi1 XFe204 at 7° K. The solid
curves are the computer fits. :




4

Counts x 10

139

£.50F %
8.30

8.10

A\
v

12.88 3
124

120

8.00
7.80

7.60

10ofF"

9.6

11.2
0.8} . .
I 2 1 1 1 i 1 1 1 ! 1
-l00 -80 -60 -40 -20 0] 20 40 60 80 100
Velocity mm/sec
Fig. 57a. MUssbauer spectra of ZnXNil_xFeZO4 at 7° K with an

external field of 50 kOe parallel to the:
direction of propagation of the ray. The solid curves
are the computer fits.
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Fig. 58. Outermost line width vs. X values. (o) represents data

corresponding to the Aasite at 7° K, (+) B-site at 7° K
and (A ) B-site at 4.2 K,
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Area ratio between A-site and B-site vs. X values.
(o) represents experimental data and the solid curve
is calculated based on the chemical formula (ZnXFel X)

[Nil_xFeHx_]%.
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Hyperfine fields derived from Fig. 56a and b. (o) represents
data corresponding to B-site at 7° K,(e) B-site at 4.2° K
and (&) A-site at 7° K.
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from the applied field spectra shown in Fig.57. The angles have
been derived from the data by two independent methods. In the
first method, the angle is deduced from the relative integrated
intensities of the lines. The intensities of the lines are related

to © by the following equations:

-39 2

A1,6 =% (1 + cos™0)
_ 2

A2’5 = 3 sin™ 8 (1)
_3 2

A3,4 =% (1 + cos“8)

We have evaluated the éngle @ from the following relationship:

@ = arcsin [1.5 (I QO 112,5/4;1,6)] - (2)

I
In the second method, we have used the relationship in the
following equation, which was also used by Chappert and Frankel
[66] in a MYssbauer study of spin canting in NiFezo and

4

NiFez_XCrXO4:

2

® = arcos (HZ(B) - H
n ext

2
He (B)/ 2 H_ H (B)) (3)

+
where H (B) is the hyperfine field of the B site Fe'  ions in

the presence of an external field and is given by

Hn(B) = th(B) —H,_. (4)
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‘ +
th(B) is the hyperfine field at the B site Fe'' ions in zero

external field and Hext i{s the external field. As seen in Tatle XXII,

Table XXII.

Average Yafet-Kittel Angles for Ni-Zn Ferrites.

X

§yK(B) (Equation 2)

6 . (B) (Equation 3)

YK
0+0.5 0 0
0.6 18° % 5° 20° t 5°
0.7 32° + 5° 32°
0.8 39° * 5° 41°
0.9 52° *10° 61°
59° * 15° 79°

1.0

there is excellent agreement between the angles deduced from

equations 2 and 3.

4.4 DISCUSSION

The chemical compositions lattice constants and magnetic

properties data serve mainly to establish the relevance of the present

study to previous ones. In the main, the Ni-Zn ferrites of this study

are comparable with the ferrites used in previous studies. The complete

delineations of the physical properties s2rve the further purpose

of permitting other investigations to easily test the important

conclusions of this study.

Our main concern in this discussion, however, is with
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the cation distributions, magnetic structures, and their implications

for local-molecular-field models and exchange interactions in
disordered spinel ferrites. The remainder of our discussion will

be devoted to these topics. First of all, as seen in Fig.59 and.
Table XXI where corrections due to slight Zn evaporation have not
been made,'excellent agreement is obtained between the experimentai
integrated intensity ratios of the A and B site Fe57 spectra and
those calculated on the basis of the cation distribution (Fel_XZnX)
Since these measureménts were made on thin |

[N lo

1-XFel+X 4"

o . . : .
absorbers at 7 K, corrections for finite thicknesses and differences

in recoilless fractions are negligible. Previous MYssbauer studies

{797, Fe,0, [86], Y.Fezo3 [s7-88]

1.0 at 4.2 K., This is the

on the spinel ferrites NiFeZO4
and LiFe 0, [87] have all shown f,/fy

first time that the cation distribution has been proven to be

(Fel-inX) [Fel+XNil_X]O4 in Nickel-Zinc Ferrites for all values
of X between 0 and !. This result permits a consideration of the
local magnetic properties in terms of the statistics of the
cation distribution to be undertaken with confidence.

None of the previous MYssbauer measurements have succeeded
in fully resolving the A and B site pattern at several values of
X, as has been dore in the present study. Most of the data in this
study are therefore not directly comparable with that of previous ones.
The two most extensive MYssbauer studies on Ni-Zn Ferrites have

been those of Goldanskii et 1.[77] and Daniels and Rosencwaig [7e].
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Although the workers in reference [78] took exception to the dependence
of th on X as determined by Goldanskii, they did not prove the

results of Goldanskii et al. to be erroneous since certain unproven
constraints were imposed upon the data analysis to obtain the

contrary results., We have proven in the present study that indeed

Goldanskii et al. were incorrect and that the B-site hyperfine

field decreases faster than the A-site hyperfine field at 7° K.
In general, there is good agreement between the present study
and that of [78]. There are some important differences, however,
in the conclusions regarding the linewidth, isomer shift and

hyperfine field variations as a function of X.

From Fig.9, it is clear that the relative variation in
the isomer shifts for 0 £ X £ .6 is not as great as that found
in [78]. The differential isomer shift [1.5.€4) — 1.5.(B)] is
essentlially constant within experimental errof'up to X ¥ 0.7.
There are apparently greater variations for X 2> 0.7, though still
not as great as those seen by the workers in [78]. We believe the
variations for X > 0.7 to be of less siénificance than those for
X £ 0.7 since the lines have become seriously broadened. While
there 1s agreement between the two studies that the E-site hyperfine
field decreases faster than the A-site field, the rates of
decrease and the cross-over points are quite different. From the applied

field spectra, which is the most reliable for studying the variation

in hyperfine fields, it is concluded (cf. Fig.61) that the B-site
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field is larger than the A-site field up to X £ .7 and is only
slightly smaller than the A-site field for X > 0.7, the difference
being within the experimental error and therefore of little signi-
ficance. The cross-over point found in (78] at 77° K was at

X = 0.4 and the B-site field was smaller than the A-site field

’by almost 20 kOe at X = 0.6. We believe the variations in the two
sets of data to be due primarily to the difference in the temperatures
at which the measurements were made. While the effect of variations
in the reduced temperature, T/TN = TR’ at 77° K was claimed in

[78] to be negligible, this is not precisely correct since TR
varies between .13 and .18 for 0.4 <& X € 0.6 at 77° K compared

to a variation of .007 £ T, & .0l at 7° K. The poorer resolution

R

of the spectra in [78] is also expected to account for some of the

differences.

Of somewhat greater importance since it relates to the inter-
pretation of the MYssbauer data in terms of a local-molecular-field
model is the variations in linewidths. Our results do not agree with
those found in L78] that the A-site pattern has a significantly °
larger linewidth at X = O than the B-gsite pattern; at no value of
X is the A-site linewidth, FA, greater than f%. However, there
is a difference in the use of the term linewidth; the workers in
t]S] use the "average' linewidth of a single pattern whereas we

are using the linewidths of the outermost lines. It has been shown

[ £9] that the widths at outermost lines (1 and 6) are 6 times more
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sensitive than those of the innermost lines (3 and 4) to flu. tuation
effects in the magnitudes of the hyperfine field, whereas the widths
of all of the lines are equally sensitive to variations in the
quadrupole coupling constant. The previous sfudy has therefore
over-estimated the relative importance of cation disorder on
fluctuations in the A and B site hyperfine fields. The broadening

of the B-gite lines at 7° K in NiFe204 due to the different values

of equ(B cos2 8 — 1) is apparently greater than any broadening of
the A-site lines as a result of local variations in the Fe3+(A)-02--Me(B)
exchange interactions. The results of the present study are sﬁpported
by recent MYssbauer measurements on LiFeSO8 {90] in which the
outermost A-site linewidth is smaller than the B-site linewidth

-even though there is substantial disorder on the B-site, no

disorder on the A-sites and the quadrupole splitting of the B-gsite
pattern is very small. It is also to be noted that the linewidths
reported in {78) at 77° K for 0.4 { X £ 0.7 are about four times
larger than those found in the present study.

One surprising result is the rather large deviations

. between the average canting angles of the average B-gite spin moments,

determined using neutron diffraction, and the agverage canting
angle of the B-site Fe3+ spin moments, determined in the present
study using MYssbauer resonance. While the doubtful could raise
questions concerning the significance of these differences for

angles determined from the MYssbauer spectra on the basis of the
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relative intensities of lines 1 and 2 (5 and 6) because of possible
saturation effects, the fact that the same variations are obtained
from angles deduced from the magnitudes of Hé(B) and th(B) definitely
establishes these differences as being real. There is, in fact,

an obvious difference (as implied above) inbthé meaning of angles
determined by the two techLiques, aside from any commitment to

the details of the three sub-lattice model used in the neutron
diffraction study. From the neutron diffraction measurement one
determines the average B-site canting angle, BQK, which includes

some weighted sum of the average canting angles of the Ni2+ spins,

= = , ND =
QYK(Ni) and of the Fe  spins, GYK(Fe), i.e. QYK(B) = QYK(B) =

c.o. (Fe) + C.0

. ND | . .
19k 2QYK(N:L) where 8y, is the canting angle determined

using neutron diffraction. The canting angle BQK determined from

the MYssbauer data corresponds to the average canting angle of
—ME - —=ME , .

Fe spins only, i.e. QYK(B) = QYK(Fe), where Oy, 1s.the canting

angle determined using MUssbauer spectroscopy.

The smaller value of EYK(Fe) compared to EQK(B) can be
qualitatively understood on the following basis: since the strength
and sign of the B-B exchange interactions relative to the A-B
exchange interactions determine the canting angle [91] and since

3+ 3+ .
it is also known that the Fe’  (B)-Fe” (A) exchange interactions
, 2+ 34 . . {65]
are three times larger than the Ni“ (B)-Fe~ (A) interactions L65
- 3+ 3+ , .
and in addition that the Fe’ (B)-Fe” (B) interactions are

ferromagnetic L65, 69, 921, it follows that aiK(Ni) will in
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general be greater than E'YK(Fe)a Both the antiferromagnetic
Fe3+(B)mFe3+(A) and ferromagnetic Fe3+(B)~Fe3+(B) exchange inter-
actions favor a collinear parallel arrangemeni of the B-site spins.
The possibility that the hyperfine field directions are not
collinear with the local spin moments need not be given serious

4
3 fon, which has little or no orbital

congideration for the Fe
contribution to its magnetic moment in the nickel-zinc ferrites.
While the above explanation accounts qualitatively for
the relative magnitudes of EQK(B) and EQK(Fe) there are still
some further points to be considered regarding the magnitudes and
precise interpretations of these angles.
If it is true that 6§K(Ni) is different from BYK(Fe),

then the three sublattice model of Satya Murthy is correct only

if the Ni and Fe atoms are randomly distributed over the two B-site

magnetic sublattices. In this case, the two B magnetic sublattices,

Bl and BZ’ will have equal moments and the net B moment will be

collinear with the A-site moment. The angle @ between the hyperfine
figld and external field directions will therefore be equal to
3§K(B)’ which is not the case. On the other hand, if tﬁe Fe3"
and Niz+ ions are not randomly distributed on B1 and B2’ then the
and B

moments of B will not be equal and their net moment will

1 2
not be parallel to the A-site moment. In this case the angle between
the external field and the hyperfine field directions, @ is not

equal to QYK(B), as observed. This spin arrangemént and the resulting

angles are depicted schematically in Fig.64. The resultant
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magnetization, which lies along the external field direétion, is
neither parallel to the A-site or B-site spin moments and the
two angles, EFe(B) and EFe(A), must be determined from the
MYssbauer data. The analysis of the MYssbauer spectra of

NiCr in an external magnetic field was also carried

1.77%0.3%
out using a similar spin arrangement. That the above spin
arrangement is indeed the correct one for (Fel_XZnX)[Nil_XFe1+X]
is indicated by the very large widths for lines 2 and 5 relative
to lines 1 and 6 and the fact that the widths increase as a stro
function of X even though the widths of lines 1 and 6 are only
weakly sensitive to changes in X. This is in addition to the ver
compelling fact that EYK(B) 7: EFe(B). If there is a single angle
@, the widths of lines 2 and 5 should never be greater than
those of lines 1 and 6, yet from Table XXI we see that ré,S

is at least as large as r The lines are also asymmetric

1,6
indicating again contributions from two or more diffefent lines.
For the spin arrangement in Nil_XZnXFe204, at least for large
values of X, we prefer that depicted in Fig. 64.

. The relatively narrow widths of the MUssbauer spectra
for large X values and the faster rate of increase in the A-site
linewidths are in qualitative agfeement with the predictions
of a local molecular field model. What is surprising though
is the decrease in the magnitude of the hyperfine field at

. I+ . o
the B-site Fe jon even at 7 K. This result cannot be accounte

for on the basis of a local molecular field model. We believe

04
ng

y

d
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Fig. 64. Schematic diagram of spin arrangement of ZnXNi XFe 0
for X 0.5. 1-x724

the decrease to be due to a change in the supertransferred

hyperfine interactions {93]. This decrease can be understood

as resulting from a decrease in the A to B gpin transfer as the
3+ 2+, . .

Fe ions are replaced by 2Zn ions. Note that in Fig.6l the

decrease is linear for X £ 0.5 but not for X > 0.5 and this

is also the X value at which the canting of the Fe spins becomes

observable. It is reasonable to suspect that this nonlinearity

is due to a change in the B-B supertransferred hyperfine inter-

actions as a consequence of the canting of the Fe spins in the
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B-sites. From the linear portion, A}EEHF(AB) per Zn ion subs-
titution is ~ 12 kOe which agrees well with other published
results [ 87, 89, 79, 90] (20 kOe in LiFe Og; 12 kOe in CuFe,0,;

10 kOe in NiFe, O

20,3 17 kOe in Lilnge4.6Sb0.208).

From overlap considerations, it is likely that the B-B spin
transfer processes are important but unfortunately in this case the

3

3t +
vFe3 «0=Fe linkage angles are 90° and very little is known about

the spin transfer processes.



V. CONCLUSIONS

5.1 SUMMARY

The NMR spectra together with the high value énd thermal
dependence of the conductivity at low temperature suggest that the
compoPnd Lal___XPbXMnO3 with 0.26 £X £0.44 is indeed metallic-like
and should be described adequately with a conventional band theery.
This is further supported by the MYssbauer study on the Fe57 doped
samples whose hyperfine fields exhibit a behavior similar to that
of an alloy with impurity, and can be explained by the concept of
d-electron core-polarization from a narrow d-band. An interpreta-
tion based on the concept of a " Supertransferred hyperfine field "
does not seem to give a consisﬁent explanation in this case. The -
rapid decrease 6f the magnetization near the Curie temperature which
was interpreted as the collapse of the " Double-exchange " d-band
becomes less obvious as the iron substitution increases. This suggests
the éresence of some other exchange mechanism. This idea is supported
by the NMR results which show some electron localization at the an+
and Mn4+ ion sites due to the Fe substitution. The MYssbauer spectra
with an external field and the magnetization measurements indicate

3t
that the spins of Mn and Fe3 ions are antiparallel and this is

consistent with the superexchange spin arrangement. In other words,

160
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we have here a transition from a collective to a localized behavior.
The system NilaxanFeZOQ is known to be an insulator with
?nJIOS ohm cm. The decrease of the hyperfine field of the B-site
fons as a function of X is explicable in terms of the concept of
a " Supertransferred hyperfine field ". The nonlinear deﬁrease at
high X values sugéests that the canting of the Fe spin has an effect
on the hyperfine field. From the area ratios obtained from the well
resolved MYssbauer spectra, it has been shown for the first time
that the cation distributions of this mixed ferriteAfollow the
formula (ZnXFelsx)[NiI-XFel+X]O with 0¢X £1. Here the symbol (...)

4

denotes ions in the A=sites and [,,,] the B=sites.
502 SUGGESTIONS FOR FURTHER WORK

(1) The MYssbauer and/or NMR study of La, ,PbMn, ,Fe O,
with higher Fe concentration would provide an interesting topic
for further research. As pointed out in the discussion section of
Chapter III, at Y& 0.45 the compound is expected to be completely
antiferromagnetic and thus the result may give new information on
the transition '""ferromagnetism «» antiferromagnetism'.

(i1) NMR spectra of Fe>' doped (Lan)MnO,3 as a function of
temperature would certainly furnish some information on the energy
of the transition "localized<«¥ collective'.

(iii) NMR study of doped (Lan)MnO3 with diamagnetic or other

magnetic ions should provide information on the nature of the d-band.




162

(iv) The MYssbauer study of snll? doped (LaPb)MnO

3 should

. 119 s
algo be very informative because Sn does not have its own moment.

ot
M.



APPENDIX A

- THERMODYNAMIC THEORY OF THE MAGNETIC TRANSITION

Thé transitions between ferromagnetism and paramagnetism
and between antiferromagnetism and paramagnetism are considered
to be phase transitions of the second kind. This means that at the
transition point, not only the thermodynamic potentials of the
two phases are equal, but also the first derivatives of the
thermodynamic potentials are equal; the second derivatives, hoﬁever,
are not equal and have a discontinuity. The first derivatives
include the entropy, volume, spontaneous magnetization, electric
polarization etc and the derivatives of these quantities are the
second derivatives which are specific heat, expansion coefficients,
compressibility etc. We define an ordering parameter J = 0;/0;
where O; is the specific gpontaneous magnetization at the temperature
in question and 0; is the specific magnetization at 0°K. According
to Landan [17], near a phase transition point of the second kind,
where J takes arbitrarily small values, the thermodynamic potentials
B(p,T, J) can be expanded in a power series in J, i.e.

I ::§o+ an + bJ4 FEEREER

(terms in odd powers of J are not included, since the expansion

of a scalar function (E) in powers of a vector function (J) can
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contain only terms of even degrees) Ginzburg [18] has included

in this expression the magnetic-field energy JH due to an applied

‘field H, i.e.

T=F +as®+bs*~om
- From the condition for equilibrium, %%% = 0, we get an equation

for the description of the true magnetization of a ferromagnetic

material near the Curie point
3
olo + fBQ- = H

where 6 is the specific magnetization that is measured experimentally
and is equal to Oé + 01, where O} is the specific true mggnetizationv
caused by the application of the field H; o 2a/(7'0 a.nd‘ p 4b/(703.
Therefore by plotting H/0 versus 1] 2 as Fig.%a we can determine

the Curie point accurately and at the same time the coefficients

o and B which are of great importaﬁce from the theoretical point>

of view because the nature of their temperature dependency is
determined by the structural peculiarities of the ferromagné;ic

material.
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LagsePPossMnOg

2 (emu/gm x10)°
N

O\

05 1.0
H/GM(gm kOe/emu)

Fig. 9a. A typical plot of the magnetization using the thermo-
dynamic method.
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