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ABSTRACT

It has been found possible to prepare garnets with
magnetic trivalent rare earth ions filling all or most dode-
cahedral sites while nonmagnetic Se3+ jons fill all octahedral
sites and magnetic Fe3+ ions fill all or most tetrahedral
sites. Phase-pure garnets found include iRE3_yScyl[Sc2](Fe3)012,
where RE is Sm, Eu, Gd, Tb or Dy and y can be zero with Sm and
Eu; {Ndé&[Scz](FeZGa3_z)012; and other Nd-Sc-Fe garnets of the
type |Nd3. (yw+y)MuScy)[Scol(Fe3)012, where M is Gd, Y, and Lu.

Compositions chosen for magnetic studies were those with
maximum allowable concentrations of magnetic ions on the dode~
cahedral and tetrahedral sites. 1In each case, dependence of
magnetization on temperature was measured between room tempera-
ture and that of liquid helium. Measurements were also made
at liquid helium temperature of the dependence of magnetization
on applied field with values up to 60 kOe. Ordering ascribed
to ferrimagnetism and perhaps also antiferromagentism has been
observed. Saturation has not been obtained with the maximum
field applied, apparently because of canting of magnetic ion
moments when the octahedral sites contain only diamagnetic
ions.

Calculations of structure factors have confirmed the
structural formulae 1Nd2.7Yb0.5}[Yb2](Ga3)012 and Prq [Lu,]
(Ga3)012; that is, rare earths f£ill all dodecahedral and
octahedral sites.

Oxyapatites are typified by Ca4La(PO4)30 and Ca Y4 (5104)30
(or AsB3013) and Ca5(PO4)300.5% .5 (or A5B3017 5), where O
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represents a vacancy. Such oxyapatites have in each
formula unit as written here three A cations with one type
of coordination and the other two another type, three tetra-
hedral B cations, and 13 or 12.5 oxide ions. These ionic
ratios (3:2:3:13-12.5) are therefore very close to those
found in garnets (3:2:3:12)., Attempts were made to prepare rare
earth-iron apatites in order to seek magnetic interactions like

those in garmets, but apatites did not form.
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I. INTRODUCTION

I.1 Problem Studied

The work reported herein has consisted of miscellaneous
studies of new rare earth compounds and it has been oriented
toward three subjects:

1. The confirmation by structure factor calculations of
filling by rare earths of two crystallographic sites of the
garnet structure,

2. Preparation of new rare earth garnets and study of their
magnetic properties.

3. Attempts to prepare new rare earth apatites.

1.2 Classification of Magnetic Properties

Considerable emphasis and importance has been placed
upon the determination of magnetic properties of transition
metal and rare earth compounds. Such studies have contri-
buted much to characterization of these compounds. Before
considering just how this has been possible it will be of
value to examine the origins and types of magnetic behavior.

Magnetic phenomena in chemical substances may arise
from both electrons and nuclei. However, the magnetic effects
due to electrons are of the order of 103 times greater than
those due to nuclei. Therefore, the magnetic phenomena
associated with or arising from electrons alone will be of
interest to chemists.

An electron may be considered, in effect, an elementary

magnet. The origin of its magnetism is most easily described
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in classical, that is, pre-wave mechanical terms, where we
may picture the electron as a hard, negatively charged
sphere that is both spinning on its axis and traveling in a
closed path about a nucleus. The former motion gives rise
to the spin moment and the latter to the orbital moment of
the electron, and some combination of these two moments
results in the paramagnetic moments found for certain atoms,
ions, or molecules. These are expressed in Bohr Magneton
(BM) units, where

I.1  BM = eh/4qxmec = 0.927X1072°

erg/Oe.

Here e is the electronic charge, h is Planck's constant, m
is the electron rest mass, and c¢ is the speed of light. The
spin-only magnetic moment of a free electron/% , is given by
wave mechanics as

1.2 /fs(in BM units) =g rs__(;—:-__l')
where s is the absolute value of the spin quantum number and
g is called the gyromagnetic ratio or Lande splitting factor.
For the free electron g has the value 2,0023, which is gen-
erally taken simply as 2.00.

It is now necessary to consider how the orbital and
spin momenta of the electrons of an atom are combined to
form the atom's moment. The method of combination is known
as Russell~-Saunders coupling.

Just as 9 is used, as [(0 (0 -}-1)]1/2

» to indicate the

angular momentum of a single electron, there is a quantum

11/2

number L such that [ (L(L+1) gives the total orbital

angular momentum of the atom. Similarly, we use a quantum
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number S to represent the total electron spin angular momen-
tum given by [S(S+1)]1/2, in analogy to the quantum number s
for a single electron. There is the difference here in that
while s is limited to the value 1/2, S may take any integral
or half-integral value beginning with O. Finally, just as
the 0 and s value may couple (spin-orbital interaction) to
give a j for a single electron, so the S and L values may
couple to give a series of J values for all of the electrons.
J is called the total angular momentum quantum number.
The value of g for an unpaired electron in a gaseous

atom or ion where Russell-Saunders coupling is applicable,

is given by the Lande formula*

= S(S+1l) - L(I#41l) + J(J+1
1.3 g 1+ ) 735D )

where S, L, and J have their usual meaning. Note that for
the free electron with no orbital angular momentum (that is,

L=0),J=2S8, and then g = 2.

I1.2.1 Magnetic Susceptibility and Types of Magnetic Behavior,

Magnetic materials may be divided into six main groups,
according to their magnetic properties, i.e.

glg Diamagnetic
Paramagnetic

(3) Ferromagnetic

(4) Ferrimagnetic

(5) Antiferromagnetic

(6) Metamagnetic

*The equation has been derived on pp. 164 and 3/0 of M. Born
?ndaK. Huang, Dynamical Theory of Crystal Lattices, Oxford,
954,
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Clearly such a division is an oversimplification and the most
obvious example is the case of a ferromagnetic or ferrimag-
netic material that becomes paramagnetic above a certain tem-
perature. Behavior of these materials will be discussed
later.

When a substance is placed in a magnetic field of strength
H, the flux or magnetic induction, B, within the substance is

given as
1.4 B=H+ 411

where I is termed the intensity of magnetization. Dividing

both sides of Eq. I.4 by H yields
I.5 B/H = 1+4n% = 1 + 4TCK

where the ratio B/H is called the magnetic permeability of the
substance and K is the magnetic susceptibility per unit volume.
Now when a substance is placed in an inhomogeneous mag-
netic field, it experiences a force F, which is proportional to
the field strength, H, to the gradient of the field, dH/»y, and
to the sample volume V. Mathematically we may express this as

follows

I.6 F=KVi <y
since we more often deal with the weight of solids rather than
their volume, it is useful to define the specific or gram
susceptibility, )ca , and the molar susceptibility, Ky » DY

the following relations



I.7 ;c3='—‘§- and Xy = kp_"’

where ¢ is the density and M the formula weight of the

compound,

1.2.2 Paramagnetism, Ferromagnetism, Ferrimagnetism, Anti-
ferromagnetism, and Diamagnetism

(A) Paramagnetism

In his 1895 paper Curie showed that a certain class of
substances had a temperature-dependent and field-independent

susceptibility given by

1.8 X= 3

where T is the absolute temperature and C is now called the
Curie constant. The types of susceptibility observed by
Curie is now known to occur only for substances that contain
permanent magnetic dipoles. Later experiments showed that
not all paramagnetic materials obey Curie's law. Some have

susceptibilities that can be fitted to the equation

- C
1.9 X g

where & 1is known as the Weiss constant. This equation is
known as the Curie~Weiss law,

When Xy is determined for a paramagnetic substance, it
is necessary for precise work to correct the value for the
diamagnetism of the constituent atoms. After the appropriate

corrections for diamagnetism have been made, we then write

the susceptibility 79?”’ .
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A quantum mechanical treatment of interaction between
an applied magnetic field and the elementary permanent moments
yields the expression for the total molar magnetic suscepti-
bility

2

I.10 X0 = e

where N is avogadro's number, K is Boltzman's constant and M
is the permanent magnetic moment in BM units. On rearranging
Eq. I.10 and evaluating the constants, the magnetic moment

can be expressed as

In an atom composed of many electrons the orbital angu-
lar moments of the variously oriented orbits combine vectorial-
ly to give the resultant orbital angular momentum of the atom,
which is characterized by the quantum number L. Similarly,
the individual electron spin momenta combine to give the
resultant spin momentum, described by the quantum number S.
Finally, the original and spin momenta of the atom combine to
give the total angular momentum of the atom, described by the
quantum number J. Then the net magnetic moment of the atom,
usually called the effective moment Mqgg, is given in terms

of g and J, as

112 Mg = g J3@ + 1) Mp

The moment may be said to be made up of an effective

number N, of Bohr Magnetons:



1.13 Noeg = 8 JJI + 1),

At this point the calculation of the net magnetic moment
of an atom would seem straightforward, simply by a combination
of Egqs. I.3 and 1.12. However, the values of J, L, and S are
known only for isolated atoms; it is, in general, impossible
to calculate M for the atoms of a solid, unless certain sim-
plifying assumptions are made. One assumption, valid for many
substances, is that there is no orbital contribution to the
moment, that is, L = 0, therefore J = S. The orbital moment
is, in such cases, said to be quenched.

When an atom forms part of, for example, a cubic crystal
the orbits of this atom are in a sense bound, or coupled
rather strongly to the crystal lattice. The spins, on the
other hand, are only loosely coupled to the orbits. Thus,
when a magnetic field is applied along some arbitrary direction,
the strong orbit-lattice coupling often prevents the orbits,
and their associated orbital magnetic moments, from turning
toward the field direction, whereas the spins are free to turn
because of relatively weak spin-orbit coupling. The result
is that only the spins contribute to the magnetization process
and the resultant magnetic moment of the specimen. Quenching

may be complete or partial.

(B) Diamagnetism

Diamagnetism is a property of all forms of matter. It
arises from the interaction of the applied magnetic field

with the field induced in the complete shells of electrons.



8.

When an atom or molecule is placed in a magnetic field,
a small magnetic moment directly proportional to the strength
of the field is induced. The electron spins have nothing to
do with this induced moment; they remain tightly coupled to-
gether in antiparallel pairs. However, the planes of the
orbitals are tipped slightly so that a small net orbital
moment is set up in opposition to the applied field. It is
because of this opposition that diamagnetic substances are
repelled from magnetic fields. Hence, the diamagnetic sus-
ceptibility is a negative quantity, and from both a classical
and a quantum mechanical treatment the diamagnetic suscepti-
bility of any poly-electron atom is found to be a function of

the average squared radius of its electrons:

10 -3
L1 X, = ‘mc,, i_rf = -2.43%10 T

where X is the atomic susceptlblllty per cm3 N is the
number of atoms per cm3,:q2 is the average squared radius

of the electron, m is electron rest mass, e is the electronic
charge, and ¢ is the velocity of light. From equation I.13,
it is apparent that the diamagnetism will be very sensitive
to change in the value of ;;2. Thus, both an increase in
the size of an atom or ion as well as an increase in the
number of electrons, i, will increase the magnitude of dia-
magnetic susceptibility. Temperature has no effect upon
diamagnetism, nor does the magnitude of the applied field.

The magnitude of the diamagnetic effect is normally 10

to 1000 times less than that of the paramagnetic effect.
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Therefore, its importance in most inorganic systems is pri-
marily as a correction required for precise work, All sub-
stances that do not have the necessary electronic and struc-
tural features to give rise to para-~, ferro-, antiferro-, or

ferrimagnetism will necessarily exhibit only diamagnetism.

(C) Ferromagnetism

Ferromagnetism is a phenomenon which occurs especially
in the metals iron, Gd, cobalt and nickel at room temperature.
It occurs also in many alloys, including some whose separate
constituent elements are not ferromagnetic: and it is also
found in spinel CdCrpSe4, etc. The rare earth elements are
also ferromagnetic at lower temperature. A spontaneous
magnetization exists in such materials; that is, even in the
absence of a magnetic field there is a magnetic moment. Above
a critical temperature, T_,called the Curie temperature, the
spontaneous magnetization vanishes. The material is then
paramagnetic with a susceptibility given by Curie-Weiss law
(Eq. I.9) with a positive value of g .

It is known that in spite of the spontaneous magnetiza-
tion property a ferromagnetic specimen may exhibit no mag-
netic moment when the applied field is zero. However, the
application of even a small field usually produces a magnetic
moment which is many orders of magnitude.larger than that
produced in a paramagnetic substance. Weiss postulated that
a ferromagnetic substance under no external field is divided
into a number of small regions called domains. Each domain

is spontaneously magnetized. But the direction of
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magnetization of various domains are such that the specimen
as a whole has no net magnetization. The application of an
external field of the order of 1 to 100 oeresteds may often
be sufficient to remove the domain structure and to bring the
material practically to saturation; that is, the magnetiza-
tion M of material reaches the constant value M.

Another typical property of ferromagnetics is the occur-
rence of hysteresis, that is, each value of the field H is
not associated with one specific value of the induction B,
but rather B depends upon the previous history of the speci-
men, that is upon the field which has been applied previously.
For example, with a given field the induction will be larger
if the material is first saturated in a strong field in the
direction of H than if the material were first saturated in
the opposite direction. The graph that shows the relation
between B and H is known as the hysteresis loop (Fig. I.1l).

As the applied field, H, is increased, B begins to in-
crease slowly. Then the slope increases sharply and B
rapidly rises until the saturation induction, By, is attained.
With further increase in the field, the curve levels off,
Upon decreasing the field, the original curve is not retraced.
At zero H, the specimen is still magnetized and B=Br, the
remanent induction. At B = 0, H = H,, the coercive force.

If H is now made negative and the specimen saturated in the
reverse direction before returning to zero field, the sym-
metric curve shown in Fig. I.l is obtained with saturation,

coercive force, and remanence equal to those on the positive



11.

<

Fig. I.1 B vs H hysteresis loop for

. a ferromagnetic material,
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side. Such irreversible, double-valued hysteresis behavior
is characteristic of the magnetic behavior of ferromagnetic

materials,

(D) Ferrimagnetism

A ferrimagnetic material may be defined as one which
below a certain temperature possesses a sponteneous magne-
tization that arises from a nonparallel arrangement of
magnetic moments of the constituent paramagnetic ions. The
example originally considered was that of a substance composed
of two sublattices with the magnetic moments of one sub-
lattice tending to be antiparallel to those of the other.
When the sublattice magnetizations are not equal there will
be a net magnetic moment. The concept of ferrimagnetism has
been broadened to include materials with more than two sub-
lattices and with other spin configurations, such as garnet.

The most important ferrimagnetic substances are certain
double oxides of iron and another metal, called ferrites, of
which Fe30, is an example. Magnetite, Fe304 has the inverse
spinel structure, (Fe3+)[Fe2+ Fe3+]04 where the parentheses
signify four-£fold tetrahedral coordination, and the brackets
six-fold octahedral coordination. Fe3T ions are in the state

5/2 and zero orbitzl moment, that is, L = 0O, there-

with S

fore J S. Then each ion should contribute 5/‘B, because

for each ion the number of BM is gJ and for Fedt g is 2.
The ferrous (Fe2+) ions have a spin of 2 and should contri-

bute 4 Mp, apart from any residual orbital moment contribution.
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Thus the effective number of Bohr Magnetons per Feg0, formula
unit should be about 2X5 + 4 = 14 if all spins were parallel.

The observed value is 4.1. The discrepancy is accounted for

3+

if the moments of Fe”' ions on the two crystallographic sites

are antiparallel to each other. Then the observed moment

2+

arises only from the Fe ion,

(E) Antiferromagnetism and Metamagnetism

In an antiferromagnetic compound the spins are ordered
in antiparallel arrangement. Néel originally considered an
antiferromagnetic substance as composed of two sublattices,
one of whose spins tends to be antiparallel to those of the
other. He assumed the magnetic moment of the two sublattices
to be equal, so that the net moment of the material was zero.
Since Néel's original hypothesis the term antiferromagnetism
has been extended to include materials with more than two
sublattices.

Antiferromagnetic substances have a small positive sus-
ceptibility at all temperatures but their susceptibilities, o,
vary with temperature. As the temperature decreases,
increases but finally goes through a maximum at a critical
temperature, Ty, called the Néeel temperature. The substance
is paramagnetic above TN and antiferromagnetic below it. Ty
commonly lies far below room temperature, so that it is often
necessary to carry susceptibility measurements down to quite
low temperatures to discover if a given substance, paramagnetic
at room temperature, is actually antiferromagnetic at some

lower temperature.
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For an antiferromagnetic substance a plot of 1/ versus

T is a straight line above T,, and that this line extrapolates

N
to a negative temperature at 1/ = 0. In other words, the
material obeys a Curie=Weiss law but with a negative value of
o.

Certain materials which are antiferromagnetic in weak
applied fields behave in an unexpected fashion when the applied
field is increased. The magnetization, which is small in
weak fields, increases rapidly at a critical value of the
applied field, and becomes saturated as all the magnetic
moments in the material become aligned with the magnetic field.
Such behavior is known as metamagnetism, and materials which

behave in this way in applied magnetic field are called meta-

magnetic,

I.3 Garnet

I.3.1 The Garnet Structure. The garnet structure (space

group Ia3d) was originally determined by Menzer (1, 2) for
the naturally occurring garnets such as grossularite CasAl,
(S104)3, uvarovite, Ca3Cry(8i04);, and pyrope Mgi . eFeq oCag.2
Alz(SiO3)3.

(A) Cation Sites

Garnetshave the general chemical formula of {Cé‘[AQ]
(D3)012, with eight formula units per unit cell. Therefore,
there are 96 sites (known crystallographically as sh-sites)

which are occupied by oxygens. The notation in the formula
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designates the type of oxygen coordination polyhedra formed
about each C, A and D cation. The cation sites in the garnet
structure are classified into three types of sites (Table
I.2)., They are:
1., Tetrahedral sites: Each tetrahedral or d-site (indicated
by ( )), is surrounded by 4 h-sites at the corners of a tetra-
hedron. There are 24 d-sites in each unit cell, Each d-site
has the point symmetry group of 4 (84).
2. Octahedral sites: Each octahedral or a-site (indicated
by [ 1), is surrounded by 6 h-sites at the corners of an
octahedron. There are 16 a-sites in each unit cell of garnet.
Each a-site has the point group of 3 (S6) .
3. Dodecahedral sites: Each dodecahedral or c=-site
(indicated by {} ), is surrounded by 8 h-sites at the corners
of a triangular dodecahedron (distorted cube). A triangular
dodecahedron is a polyhedron which has 12 faces with each
phase a triangle. There are 24 c-sites in each unit cell of
garnet. Each c-site has the point group of 222 (Dj).

Each d-site is surrounded by 4 d-sites, 4 a-sites, and
6 c-sites. Each a-site is surrounded by 8 a-sites at the
corners of a body-centered cube. It is also surrounded by
6 d-sites and 6 c-sites. Each c-site is translated one-fourth

of the lattice constant distance from its contracting d-site.

(B) Polyhedra

As was discussed in the previous section on cation sites,
the garnet structure has three types of cation sites, and,

therefore, three types of polyhedra. The three types of
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Table T.1: Description of garnet structure (Ref. 6).

Point Symmetry 222 3 4 1
Space Group Position 24¢ 16a 24d 965
Typical Formula Cag Al, Sig 019
Coordination to O 8 6 4

Type of Polyhedron  Dodecahedron Octahedron Tetrahedron

Distorted Cube

polyhedra are triangular dodecahedra (distorted cube), octa-
hedra, and tetrahedra, corresponding to the c-site, a-~cite,

and d-site respectively. Figs. I.2a-c show the three types

of polyhedra in yttrium iron garnet {Y3} [Fe2](Fe3)012.

The garnet structure as a network of tetrahedra and octa-
hedra and eight-fold triangular dodecahedra is partially shown
in Fig. I.3. Tetrahedra and octahedra are drawn with shaded
lines, and the triangular dodecahedra are drawn as distorted
cubes. In Fig. 1.3, large open circles represent oxygens,
the smaller circles are (D) cations and the hatched ones are
{CX cations.

The placement of a set of polyhedra onto the cubic lat-
tice of rare earth iron garnet is shown in Fig. I.4. This
figure fails to show that the tetrahedron shares two edges
with dodecahedra and two edges with octahedra. Another fact
that cannot be seen from the drawing is that no two tetrahedra

have common corners.
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(a)

(v)

(e) .

F1 re 1.2 Yttrium iron garnet
Coordination polyhedron of oxygen ions about
the yittrium ion (¢ 2.68, .o 2.81, se0e 2.87y eeee 2.97 A)

} Coordlnatlon octahedron of oxygen ions about an
(a) ion (. 2.68, .. 2.99 &).

§c; Coordination tetrahegron of oxygen ions about an Fe
d) ion (. 3.16, .. 2.87

(Geller and Gilleo, Ref. 4)

3+
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structure as a network of tetrahedra

G&rnet

Fig. I.3.

(ref. 5)

octahedra, and eightfold triangular dodecahedron .
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Fig. I.4. A portion of the garnet structure
consisting of one tetrahedron, one octahedron, and
one triangular dodecahedron. (ref. 6)

19,
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Fig. 1.5, shows a portion of the garnet structure con-
sisting of one tetrahedron, one octahedron, and two triangular
dodecahedra. The [C} cations are marked X(1) and X(2), the
[A] cation Y, and the (D) cation Z in Fig. I.5.

The surroundings of a {C} cation in a triangular dodeca-
hedron are shown in Fig. I.6 with its six neighboring (D)
cations. The open circle represents the {p} cation, the
vertices of the dodecahedron are the oxygen positions, and

the solid circles are the (D) cations.

I.3.2 Synthetic Garnets. A new era for scientific and tech-

nological exploration of the garnets was opened by discovery
of ferrimagnetic yttrium iron garnet {Y3\ [Fez](Fe3)012,
abbreviated YIG.

The history of magnetic iron garnets began with an
error in the interpretation of experimental results. 1In 1950
the perovskite structure with composition Me3+Fe3+03 was
incorrectly allocated to the magnetic 'rare-earth ferrites"
(8). Bertaut and Forrat (9) in 1956 and Geller and Gilleo
in 1957 (10) showed independently that the real magnetic
phase was the garnet structure Me3+Feg+012, which coexisted
with a nonmagnetic phase Me3+Fe3+O3 with perovskite structure.
In fact the orthoferrites of rare earths Me3+Fe3+03 are anti-
ferromagnetic.

A very large number of substituted garnets have been
produced and investigated, because if cations of proper

size are chosen so that the total charge of cations in ¢, a,

and d sites is 244 and the ratio of ions are 3:2:3:12 one
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Pig, 135. A portion of the garnet structure consisting
of one tetrahedron, one octahedron, and two triangular dodeca-
hedra. (ref. 7)

Fig. 1.6. Surroundinggof a dodecahedral site, or c-
site in garnet. (ref. 7)
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pessibly can prepare a new substance with garnet structure,

Five importantgroups of garnet compounds are

Silicate Garnets
Germanium Garnets
Aluminum Garnets
Gallium Garnets
Iron Garnets.

These five groups are all oxygarnets. Fluoride ions
have been used either to replace oxygen completely, as in
the case of {Na3} [A12](Li3)F12, (11) or partially, as in
the case of {Y3} Feg_xMx012-xFx (M=3d transition elements)
(12).

I.3.3 Silicate Garnets, The silicate garnets are listed

in Table I.2. Many of these garnets have been made by
hydrothermal techniques, Spessartine (Mn3Alzsi3012) is
synthesized by melting a mixture of the appropriate amounts
of reactant oxides at a temperature of 1200-1250°C. When
cooled, a glass is obtained which is then annealed at 1800°C
for 18 hours. Synthetic uvarovite (CaZCr3Si3012) may be

obtained by solid state reaction.

Table 1.2 End-member silicate garnets {Aé}[BZ](Si3)012 (Ref.3

'y
s g3+ a (A) References

Mg Al 11.459 13, 14, 15

Cr not reported 14
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Table 1.2 (Continued)

A%+ g3+ a(K) References
Fe not reported 14
Ca Al 11.851 15
Sc 12,27 16
\Y 12.09, 12.07 16, 17, 18
12,068
Cr 12,00, 11.999 19, 20
Fe 12,059, 12.067 21, 22
Ga 12,00 23
In 12,35 16
Mn Al 11.621 15, 24
Fe 11.82 14, 25
Fe Al 11.526 15
Co Al 11.471 26
cd Al 11.820 27
v 12.09 16

I.3.4 Germanate Garnets. The germanate garnets are listed

in Table I.3. Mill (16) has synthesized some germanates
hydrothermally but all the germanate garnets can be made

by solid-state reaction including MnV,Geq0p5.
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Composition a(K) Composition a(X)
CagZr,Ge,Co" 01y 12.62 Ca3A12Ge3012 12.12
CagSn,Ge,Co 099 12,52 CazSc,Geq0y, 12.504
Ca3ZriMg Ge307o 12.50 Ca3VyGe3019 12.350
Ca3SnMg Ge3079 12.44 Ca3CryoGes0p,y 12,265
CagTiMg Ge;0yp9 12,35 Ca3Dy,Ge30q 9 12.83
Ca3ZrCo Ge3019 12.52 Ca3HopGe3019 12.81
Ca3SnCo Ge3032 12.46 Ca3EryGe3012 12.785
CazTiCo Ge3012 12.35 Ca3Tm2Ge3012 12.765
Ca3ZrNi Ge3012 12.49 Ca3YbyGe3019 . 12.74
Ca3SnNi Geg079 12.43 CazLuyGez019 12,73
Ca3TiNi Ge30p9 12.335 Sr3ScypGe3019 12.785
Y,Mg3Ge5075 12.21 Sr3Iny,Gez0qy 12.87
Y,MgCo,Ge301 9 12.23 SraY,Ge307, 13.085
Y,Co3Ge30q 5 12.26 SrqHo,Ge307 9 13.09
Y, CaMgyGe301 9 12.31 SraEryGes07, 13.065
Y,CaCo,Ge3075 12,35 Sr3TmyGes015 13.04
GdgMn,GepGa Oqp 12.550 Sr4YbyGe30q 5 13.03
Mn3Al,Gez0q,) 11.902 SrqLluyGe30q ) 13.01

I1,3.5 Rare earth aluminum, iron, and gallium garnets.

£. 3, 28)

Lattice constants for these garnets are listed in Table

I1.6. ‘The broad attention to these groups originated from

the discovery of ferrimagnetism in the case of iron garnets.
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Table 1.4 Rare earth aluminum, iron and gallium garnets (Ref. 3)

[A3} [B21(C3)019

A B, C a®y”

Y Al 12,01, 12.02, 12,000, 12.000
Gd 12,11, 12,113, 12.111
Tb 12,074

Dy 12,06, 12,042

Ho 12,011

Er 11.98, 11,981

Tm 11.957

Yb 11.929

Lu 11,912

Y Fe 12.376

La*¥* 12.767

Nd** 12,60, 12,596, 12.600
Pm*%* 12,57

Sm 12,524, 12,530, 12,528, 12.529
Eu 12,518, 12.498

Gd 12.479, 12.472, 12.471
Tb 12,447, 12,436

Dy 12,414, 12.405

Ho 12,380, 12,375

Er 12,349, 12.347

Tm 12,325, 12,323

Yb 12,291, 12.302

Lu 12,277, 12.283

Y Ga 12,30, 12,273, 12.280, 12,275
Pr 12,57, 12.545

Nd 12,50, 12.506

Sm 12,355, 12.42, 12,433
Eu 12.402

Gd 12,39, 12,376

Tb Not reported

Dy 12.32, 12.307

Ho 12,282

Exr 12,25, 12,255

Tm Not reported

Yb 12,204, 12,200

Lu 12,188, 12.183

% Different authors have reported different lattice constants

for the same composition.

*¥% Hypothetical.
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1.3.6 Ferrimagnetic Garnets. Yoder and Keith (29) showed in

1951 that substitution can be made in the ideal mineral garnet
Mn3A12813012. By substituting YT 4 A1TTIgor Mall 4+ giIV
they obtained the first silicon-free garnet, Y3A1l5;0y,. 1In
1956 Bertaut and Forrat (30) reported the preparation and
magnetic properties of YIG and Geller and Gilleo, in 1957, (10)
prepared and investigated Gd3Fe5012, which compound is also
ferrimagnetic. It appeared (30) that the Y-ion could be re-
placed by the rare earth ions Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm,
Yb, or Lu (Table I.4) but it is not possible to replace all

the yttrium by larger rare earths such as Nd, Pr, and lLa.

The ferric ions on the. octahedral (a) and tetrahedral (d)
sites are coupled antiferromagnetically by super exchange mech-
anism as in the other ferrites. Since there are two octahedral
and three tetrahedral ferric ions per formula unit, {Mﬁk[FeZ]
(Fe3)015, there will be a net magnetic moment equivalent to
one ferric ion (5Mg) per formula unit from these two sublat-
tices. If the rare earth ion in the c-site is nonmagnetic
(e.g., Lu3+), there is no further magnetic contribution to
the net moment of the a-d interaction., For other rare earths
the magnetization of the rare earth sublattice is aligned
antiparallel to the net ferric moment of a and d sites (Fig. I.7).

There is the possibility that the c-sublattice magnetiza-
tion and net ferric magnetization might exactly cancel. 1In
fact, {ijk[Fezl(Fe3)012 shows just such a cancellation near
absolute zero. The magnetization is then said to be compen~
sated. Such compensation points (Tgomp,) are characteristic

of many garnets.
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DODECAHEDRAL
24c SITES
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Pig. I.7 Disposition of magnetic moments in rare earth
garnets (for light rare earth ions, Pr through Sm, the
moments on the 24c sites point downwards)
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The magnetization of rare earth ions drops very quickly
with increasing temperature, approximately as 1/T. Eventu-
ally, the temperature becomes high enough for the a-d inter-
action to be overcome as well, and the material becomes
paramagnetic., The presence or absence of a magnetic rare
earth ion has little effect on the Curie point (T.).

Most of the rare earth ions have relatively large mag-
netic moments, and dominate the magnetization at low tempera-
ture. As the temperature is raised and c-sublattice
magnetization diminishes, a compensation point is reached,

beyond which the ferric moment dominates.

1.3.7 Other than octahedral-tetrahedral ion interaction in

the garnet structure. Geller and others unsuccessfully tried

to prepare garnet {Mnj}[FeZ](Si3)012 in which dodecahedral
and octahedral sites would be filled by magnetic ions. Coes
(31) succeeded in preparing this at high pressure by the
hydrothermal method. The magnetic measurements of these
compounds were disappointing at 0°K; the spontaneous mag-
netization was only O.l/‘B. A number of germanium garnets
including@ﬁg%[Fez](Ge3)012 were discovered by Tauber et al
(32). This garnet was found to be only antiferromagnetic at
low temperature.

Geller and Gilleo (33) found garnets {M2+Gdék[Mn2](Ge3)012
(where M=Mn and Ca) to be ferrimagnetic at 6°K or lower.
They carried out more definite measurements on {GdB}[MnZ]

(GaGez)Olz, which was found to have a Curie temperature of
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8°K and a saturation magnetization of 9.6 4B at 0°K. The fact
that the Gd-O0-Mn interaction is stronger than Mn-0O-Fe inter-
action is especially interesting because one might tend to
consider rare earth ions to be less capable of ferrimagnetic
interactions because the participating electrons of Gd3+ are
in inner f-shells.

The magnetic moment of {Qdék[MhZ](GezGa)Olz was measured
by Geller and Gilleo (34) as a function of H at constant T.
These curves showed no saturation at high field because T,
(the Curie temperature) is sufficiently low so that the
applied field is of the order of magnitude of the Weiss mo-
lecular (or exchange) field, The spontaneous magnetization
for H=0 therefore was obtained by extrapolation under the
assumption that ng(H, T) = ng(0, T) + X (T)H is a reasonable
approximation to the nearly linear portion of the curves. On

this basis ng(0, 0) is about 9.6 MB.

I.3.8 Rare earth garnets with trivalent rare earth ions on

both dodecahedral and octahedral sites. On studying double

oxides of trivalent elements, Keith and Roy (35) found that
many ABOzcompositions assumed the perovskite structure if A

is a large ion and B a small one. In several systems, however,
the garnet structure was also observed, though usually accom-
panied by perovskite or distorted perovskite phases when the
starting composition of oxides was equimolar. These systems
were Y03 - Aly03, Cey03 - GajyOg3, NdyO3 - Gay04, and Sm,04 =~
Ga,09. The garnet structure was obtained with 1:1 compositions

apparently because solid solutions like [Yj\[Y, Aly] (Al3)0712
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form. Results rather similar to these but differing somewhat
in detail, were obtained by Roth (36) in the Yp03 - Alj03
system. Schneider, Roth and Waring (37) investigated the
extent of garnet solid solution formation in systems contain-
ing Ga,0g with Nd,04, Smy0g3, Eu,04, Gd203, Dy203, H0203,
Ery03, Tmy03, Yby03, Luy05, or Y203 and also in systems
containing AlyO3 along with either Yb203 or Luy05. 1In the
gallium garnets, maximum solubility of rare earth on the
octahedral sites was found at Tm3' and fell off in both
directions along the rare earth series. The formula of the
composition with maximum Tm is tﬁmﬁ [TmO.SGal,Z](Ga3)012'

Mill (38) prepared a large number of germanium garnets
with large divalent alkaline earth ions (Ca and Sr) on the
dodecahedral sites and small trivalent rare earth ioms (Dy,
Ho, Er, Tm, Yb, Lu, and also Sc and Y) on the octahedral sites
(e.g, {?r3}[Tm2](Ge3)012 and {Ca3§[Yb2](Ge3)012) by reaction
of oxides at 1250°C.

Suchow, Kokta, and Flynn (39) studied the preparation of
garnets of the type [Nd3_yRy}[RxGa2_x](Ga3)012 in which R is
Lu, Yb, Tm, Er, Ho, or Dy. 1t was found that the placement
of large rare earth ion such as Nd3+ on the dodecahedral sites

opens up the lattice so that small rare earth ions may enter

the octahedral sites.

For the case of R=Lu (Table I.5) single-phase {Ndé}[LuZ]
(Ga3)012 (i.e. y=0, x=2) was prepared. To prepare single-phase
Yb and Tm compounds with x=2 it was necessary simultaneously to
place determined minimum amounts of R in dodecahedral positions.

This minimum required value of y increases with increasing radius of R.
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Table 1.5 Lattice constant of some neodymium garnets

(Ref. 39)

$lNd3_yRy} [Ry_,Ga,l(Ga3)0q,

Lattice

Constant
R y pd a(f)
- 0.0 0.0 12.50,
Yb 3.0 0.0 12.204
Lu 0.0 2.0 12,884
Yb 0.0 2.0 12.89,
Tm 0.0 2.0 12.88,
Er 0.0 2.0 12.834
Ho 0.0 2.0 12.659
Dy 0.0 2.0 12.51,
Lu 0.2 2.0 12.86¢
Yb 0.3 2.0 12.86,
Yb 0.5 2.0 12.854
Tm 0.6 2.0 12.85,
Er 1.1 2,0 12.814

In another paper (40) Suchow and Kokta studied the
preparation of garnets of the type {Pr3_yRy}[RxGa2_x](Ga3)012.
Table 1.6 contains a list of lattice constants of these

compounds.
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Table 1.6
Pr3_ R} [R,6ap_,1(Ga3)0rp*

Lattice

Constant
R y x a(})
Lu 0.0 2.0 12.94
Yb*% 0.0 2.0 12,92
Yb 0.5 0.0 12,50
Yb 0.5 2.0 12,89
Tm¥*% 0.0 2.0 12.90
Tm 0.8 0.0 12,48
Tm 0.8 1.0 12,67
Tm 0.8 2.0 12,88
Ex#%% 0.0 2.0 12.88
Er 1.15 0.0 12,43
Er 1.15 1.75 12.82
Er*#* 1,15 2.0 12,86
* Single phase unless otherwise noted.

*%  Almost single phase.
*%% Nominal composition, not single phase.

The compounds which appear in Tables I.5 and I.6 were
subjected to magnetic measurements (40, 41) over the tempera-
ture range 78-300°K and some also at 4.2°K and/or over the
range 1.6-300°K. The materials were found to be paramagnetic
with Curie-Weiss behavior, but in some the slopes of the 1/X

vs T plots change at very low temperature.
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II. EXPERIMENTAL STUDIES

ITI.1l Objectives

As stated above, the present work was oriented toward
three subjects:
1. The confirmation by structure factor calculations of
filling by rare earths of two crystallographic sites of the
garnet structure.
2. Preparation of new rare earth garnets and study of their
magnetic properties.

3. Attempts to prepare new rare earth apatites.

1.2 Preparations

All preparations were made by dissolving weighed
stoichiometric quantities of desired oxides* in nitric acid
and then gently boiling down to dryness. The residue is
collected and heated for three hours at 500°C.in an open
porcelain crucible in order to decompose the nitrates. This
product is ground in an agate mortar and again heated, but
now for 16 hours at 1350°C in an open platinum crucible.
The resulting material is then ground once more in an agate
mortar and heated 24 hours longer at 1350°C. The heating
is in all cases carried out in air in a muffle furnace.

In some cases coprecipitation was employed as a step

in the preparation. The oxides were first dissolved in

“Rare earth oxides were heated at l000"K before they were
used because it was found that some of them (expecially Nd
oxide) pick up water on standing.
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nitric acid and hydroxides were then precipitated using am-
monium hydroxide. After filtration the hydroxides were air
dried and heated at 500°C for three hours. This product was
ground in an agate mortar and again heated, but now for 16
hours at 1350°C in an open platinum crucible. The resulting
material was then ground once more in an agate mortar and
heated 24 hours longer at 1350°C.

Where Ga was involved the quantitative coprecipitation
of all hydroxides was impossible. All of the rare earths
precipitate at pH=9 but gallium precipitates at a pH of
about 6 and the gallium hydroxide starts to redissolve at a

pH of about 7.

1T1.3 X-ray Diffraction Powder Patterns

The x-ray diffraction powder method using Norelco equip-
ment with 57.3 mm radius powder cameras was the basic
technique (except for two samples for confirmation of the
filling by rare earths of two crystallographic sites of the
garnet structurefr used to characterize the prepared compound.
X-ray patterns obtained were checked to see whether they
contained only lines belonging to the garnet structure,

The lattice constants were calculated according to the

relationship for the cubic crystal structure

a=dfn?+i?+12

*Quantitative intensity data was obtained with a General
Electric Company XRD-6 unit with an SPG2 spectrogoniometer
(diffractometerg.
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where d is the spacing between planes in the unit cell, and
h, k and 1 are the Miller indexes of the planes. Four lines
in the back reflection region of the powder pattern (i.e.

(12 8 2), (12 6 6), (12 10 0), and (12 10 1) were used for
lattice constant calculations. Lattice constant calculations

were carried out by the Straumanis method.
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ITT. CONFIRMATION BY STRUCTURE FACTOR CALCULATIONS OF THE
FILLING OF TWO CRYSTALLOGRAPHIC SITES OF THE
GARNET STRUCTURE (42)

ITI.1 Introduction

The filling of the octahedral sites of the garnet
structure by rare earth when the same rare earth or larger
rare earth jons also completely £ill the dodecahedral sites
was discussed in section I1.3.6.

The general formula for the known compounds of this type

may be taken as {MB_yRy}[R 1(A,)0;,, where M is the large

xAZ-x
rare earth, R the small one, and A either Ga or Al. The
braces signify eight-fold dodecahedral coordination (a dis-
torted cube), the brackets six-fold octahedral coordination,
and the parentheses four-fold tetrahedral coordination.

In all the papers discussed (37-4l1), the presence of
rare earth ions on octahedral sites was deduced from an
observed increase in lattice constant and the fact that these
ions had no other possible sites to enter in the garnet
structure after the dodecahedral sites were filled. This
argument is especially valid when the products are single-
phase materials. Until now, however, there has been no
direct confirmation of this picture by means of structure
factor calculations; such confirmation was the purpose of
this part of the dissertation. Two materials were chosen

for the calculations: {Nd2.7YbO.3}[Yb2](Ga3)q2and [Prj}[LuZ]
(Ga3)012 .
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1IT.2 X-ray Diffraction Powder Patterns

Although these two garnets with rare earth ions filling
two crystallographic sites have x-ray patterns (obtained with
Norelco equipment) quite similar to those of the rare earth
garnets containing gallium on both octahedral and tetrahedral
sites, there are a number of marked intensity shifts which
should be accounted for by structure factor calculations 1if
the assumed structures are correct. Most notable among such
shifts in relative intensity are those in lines at h? + k2 +
12 = 20 and 243 52 and 56; 80, 84 and 88; and 116 and 120.
The 24-line does, in fact, become the strongest in the
patterns of the materials with rare earths on two sites.,

Quantitative intensity data for comparison with calcu-
lated intensities were obtained with a General Electric
Company XRD-6 unit with an SPG2 spectrogonimeter (diffracto-
meter). Values given in the tables are integrated intensities,

taken by measuring areas under peaks.

III.3 Calculation of Structure Factors

The relative intensity of powder pattern lines can be

calculated by the equation:
Iz 1+ C052 29

III.1 I = |F 5
Sin“g Cosé

where I = relative integrated intensity, F = structure factor,
P = multiplicity factor (the number of different planes in a

form having the same spacing (e.g., (100), (010), (001), (TO00),
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(0T0), (00T)), and # = Bragg angle (1 + CosﬁLa)/Z Polari-
zation factor, and 1/2 Sinzg Cos® = lorentz factor,

The garnet space group is Ia3d, for which the structure

factor formula (43)

I11.2 F = J£Sm Sm = A+iB B = 0
A = 16Cos2mw(h + k + 1)/4 Cos27r (hx + 1/4) Cos2T (ky + h/4)
Cos2T( (lz + k/4) + Cos2TC (kx + h/4) Cos2t (ly + k/4) Cos2ir(hz
+ 1/4) + Cos2t (1x + k/4) Cos2i{(hy + 1/4) Cos2¥((kz + h/4) + 1
Cos21T{(h + k + 1)/4 [Cos2T (kx + 1/4) Cos2T (hy + k/4) Cos2T
(1z + h/4) + Cos2{ (1x + h/4) Cos2T (ky + 1/4) CosTr (hz + k/4)
+ Cos21( (hx + k/4) Cos21l (ly + h/4) Cos2TC (kz + 1/4)] .

In Eq. III.2 £m is the atomic scattering factor (43)

that can be calculated from

III.3 fm = f,e'”
M = B Sin28 /N?
B = Debye parameter

Table III.1 Multiplicities for powder method

h k 1 Multiplicity
Factor
h 0 O 6
0 k O 6
0 0 1 6
h h O 12
h 0 h 12
0 h h 12
h h h 8
h k O 24
h 0 1 24
0 k 1 24
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Table ITI.1 (Continued)

h k 1 Multiplicity
Factor

h h 1 24

h 1 h 24

1 h h 24

h k 1 48

To obtain calculated intensities (with an RCA System 3
Computer), the various ions were first assigned to tetra-
hedral, octahedral, and dodecahedral sites with various postu-
lated distributions, and scattering factors (£ ) were taken
from Ref. 44 for the trivalent cations and from Ref. 43 for
the oxide ion. Appropriate corrections were made for multi-
plicity factors, Lorentz and polarization factors, and
temperature factors (assuming for the Debye parameter, B, an’
overall isotropic value of 1.5, which is a rather average
value for inorganic compounds), In Eq. III.l the absorption
factors were not included because they do not vary with &
when the data is obtained with an "infinitely thick" sample
in a powder diffractometer. The x, y and z values for the
oxide ions in general position 96(h) were taken as -0.025,
+0.049, and +0.149, respectively; these are average values
for garnets and were found, when used in a test, to give
good calculated intensities for Yb3Gas0y9, a compound whose
x-ray pattern and observed intensities are known (45) and

whose x, y and z values have been determined precisely as
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-0.0259, +0.0563, and +0.1519, respectively (46). Variations
of ¥0.01, i"0.015, and i0.0B in the average values of x, y and
z, respectively, were found not to cause any changes in
calculated intensities of Yb3Gag0;, which were significant
enough to have a serious effect on the comparison with powder
data.

Results of full calculations are given in Tables III.2
and II1.3. 1Included therein are calculations for the cation
distributions indicated by the formula in section III.l above
as well as other distributions which do not really seem very
logical from the viewpoint of crystal chemistry. These cal-
culations confirm the earlier deduced structrual formula
{Nd2.7Yb0.3)[Yb2](Ga3)012 and {Pr3k[Lu2](Ga3)012. Because
of a remaining possibility that there was partial, even if
small, switching of large and small rare earths on the dode-
cahedral and octahedral sites, additional calculations were
carried out for a number of such formulas but using only the
nine key planes discussed in the x-ray diffraction powder
patterns section above. The results given in Tables III.4
and IT1I.5 indicate that there is no such switching. The R’
factors given in these tables are R factors calculated only
from these nine lines. 1In cases where structural formulas
are the same in TablesIII.2 and III.4 or Tables III.3 and
III.5, R and R’ are therefore slightly different. It is
obvious, however, that agreement becomes poorer and progres-
sively so as switching is postulated. The relative

intensities of lines at h£k£12=20 and 24 are especially



41.

sensitive to rare earth distribution and one can see very
nicely, and perhaps even better than from the R factors,
exactly the same trend simply by comparing the observed
intensity of these two lines with the several calculated
values. The calculations account very well for the observed
intensity shifts in the x-ray patterns of the compounds with
the previously deduced structures with rare earths on two
crystallographic sites as compared with {REjk[Gaz](Ga3)012.
Further improvement in both the R factors and the calculated
intensities of the 8-lines can almost surely be brought
about by refinement of the x, y and z values and also by
determining good B values for the various ions on appropriate
sites and then applying the resulting better temperature
factors to the terms for the ions to which they pertain,
rather than using overall values. Of course, best results
would be obtained by comparison of calculated intensities

with single crystal data.



Table ITI.2

Nd~Yb Gallium Garnet (a = 12.864A)

mn

Observed and Calculated Intensities of Allowable Lines

Tcale for Postulated Structural Formulae

[Ndy Y5, S§[Nd51(Ga3)0p, [N, 5¥by s}[Gay](¥byGa)oy,

fNdy g¥bg 5§ [Yby](Ga3)0qy

Iobs

h2+k2+02
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Table III.3

-]
12.949A)

Pr-Lu Gallium Garnet (a =

in

Observed and Calculated Intensities of Allowable Lines

for Postulated Structural Formulae

Icalc

{Pr3}[Lu2](Ga3)012

{Pr3§[ca2](LuZGa)012

{PrLuzk [Pry] (Ga3)012

Iobs

h2+k2+02
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Table II1.4

Observed and Calculated Intensities of Nine Key
Lines in Nd-Yb Gallium Garnet (a = 12.864&)

Icale for Postulated Structural Formulae
with Indicated Values of w in

Ndy , 7_wYb0, 34w} [NdyYbo ;] (Ga3) 012

n2+k2+0° Tobs w=0 0.5 1.0 1.5 2.0
20 97.7  94.0 100 100 100 100
24 100 100 9.9 91.2 78.4 78.4
52 27.0  25.2 26.7 26.6 24,7 26.4
56 68.6  64.4 63.9 59,5 51.4 51.7
80 15.9  15.5 14.8 14,2 12.2 12.3
84 16.6 15,0 16.0 16.0 14.9 16.1
88 12.2  12.3 12,5 11.6 10.0 10.1

116 13.3  12.3 13.1 13.1 12.2 13.2
120 13.6  13.3 12.6 12.1 10.5 10.5
R'-factor (%): 3.5 4,3 6.9 15.1 14.0

For definition of R', see text of dissertation (p. 40)
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Table III.5

Observed and Calculated Intensities of Nine Key
o
Lines in Pr-Lu Gallium Garnet (a = 12.949A)

Icalc for Postulated Structural Formulae

with Indicated Values of w in
{pr 3o} [Pr Ly ] (Gag)0g,

h2+k2+0%2 Iobs w=0 0.3 0.5 1.0 1.5 2.0

20 88.1 89.5 94.5 98.0 100 100 100
24 100 100 100 100 93.2 85.1 77.8
52 30.6 24,0 25.3 26.2 26,7 26.6 26.5
56 76.9 64.4 64.6 64.6 60.4 55.4 50.8
80 17.0 15,5 15,5 15.5 14.4 13.2 12.1
84 17.4 14.4 14.9 15.5 15.9 16.0 16.0
88 12.5 12,6 12,7 12,7 11.8 10.8 9.9
116 11.8 11.7 12,5 13.8 13.1 13.7 13.2
120 16.4 13.2  13.3 13.3 12.4 11.3 10.4

R' (%): 7.7 8.6 9.5 13.4 17.9 21.7
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1V, GARNET PREPARATIONS

Iron garnet systems have received great attention in the
recent past, and considerable attention at the present time
as bubble domain materials and for use in optical wave-
guides (47). Most iron-containing systems have been studied
from various aspects, mainly with regard to their magnetic
properties since the discovery of ferrimagnetic interaction
between ferric ions in octahedral and tetrahedral sites in
YIG (9, 10). Geller et al. (48) were able to prepare {GdCaé}
[ZrZ](Fe3)012 garnet.

Loriers and his co-workers (49) studied the systemi?dé}’
[ScheZ_x](FeB)Olz and iNdéX[Schez_x](Fe3)012, but they were
not able to prepare compounds with the octahedral sites filled
with se3t (i.e., x=2) completely. Preparations of the type
1RE5§[ScXFez_X](Fe3)Qmwere studied by Mill (50), but he was
not able to fill the octahedral sites with Sc3* completely.
The results of Mill's work are compiled in Table IV.l.

Geller et al. (54) studied the systems th‘[Schez_x](Fex)Olz
and {Y3_yCa§k[Fe2_XScX](Fe3_ysiy)012. The maximum value of
x was 1.50 in the {YﬁS[ScXFez_x](Fe3)012 system and 1.10 in
the {Y?’_yCay'k[Fez_XScx](Fe3_ySiy)0]_2 system, A number of
compounds of the general formula {RE3}[SC2](A13)012

were prepared by Kokta (52). Single phase garnet resulted
only when the RE was Sm or Eu.

In all the papers (Ref. 47-52) discussed se3* does not

exist in dodecahedral sites. Loriers et al. (49) made
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Table 1IV.1l From Reference 50,

Molecular Ratio of o
Composition RE203:5¢203:Fe203 Bmax (A) Xmax.

Nd sFe = _,Sc 3:2:3 garnet not formed
Fe5-x8¢:012 3:1.75:3.25 12.707 1.32
3:0.75:4.,25 12,673 0.90
SmaFes_.Sc,0 3:0.50:4.50 little garnet
3TESxEEI2 3050203 12.663 1.66
3:2.2:2,8 12,664 1.67
3:2:3 12,663 1.66
GdqFecs_.Sc. 0 3:2.2:3 12.606 1.67
37E5-x2CxT12 31915158 12606 167
3:2:3 12.605 1.66
TbaFeg_4xSc;019 3:2.2:3 12.570 1.65
ErqFes_.Sc, 0 3:2:3 little garnet
37E5-x"512 3070850315 12.450 1.26
3:1.75:3.25 12,450 1.26
3:1.5:3.5 12,451 1,27
YbqFer _,Sc, 0 3:1:4 little garnet
3TE-xXEI2 300.85:4.15 , 12,342 0.50
3:0.75:4.,25 12,342 0.50

preparation in the system {NdB_yS%wﬁéz_fkki(Fe3)012 with the
small value of y but they were not able to prepare the garnet
with x=2, Kokta (53) studied the preparation of iRE3_yScY}[Sc2]
(Fe3)012, where RE is Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, or
Lu., The present work dealing with this dissertation is the con-
tinuation of work on this system,

In the present work, exploratory experiments indicated
that the garnets with minimum y claimed by Kokta are not single-
phase garnets. In the present work detailed studies were car-
ried out and the minimum and maximum values of y were sought.
The investigation on magnetic properties of such compounds
offer the possibility of direct c-d interactions in the absence

of magnetic a-site ions.
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Gilleo and Geller (54) observed ferrimagnetism at very
low temperature in iGdg+}[Mn§+](GaGe2)012. This shows that a
dodecahedral-octahedral superexchange interaction is possible
between a rare earth ion and a transition metal ion even in
the absence of magnetic ions on the tetrahedral sites. 1In
this direction to seek such a dodecahedral-octahedral inter-
action between rare earth and ferric ions the hypothetical
compounds such as {RE%+}[Feg+](Be%+V5§012, 13E3+}[Feg+](Li+
Sig+)012, and IRE3+}[Feg+](Li+Geg+)012 were studied.

Another possible rare earth-Fe interaction considered
in this project was the system in which the magnetic rare
earth ion (e.g., Yb3+) is on the octahedral site, the ferric
ion is on the tetrahedral site and the dodecahedral site
contains nonmagnetic ions. Attempts were made to study the
systems iSr3_xLag}[Yb2](Ge3_xFex)012, ‘9a3_xLa£x[Yb2](Ge3_xFex)
012, and {pajk[sz](FexGe3_x)012_xFX in order to investigate
this possible rare earth-Fe interaction.

A summary of all the attempts which have been made to study
the crystal chemistry and magnetic properties of new garnets
studied in this doctoral project is:

(1) [RE3_YScy}[5c2](Fe3)012, {Nd3}[5c2](FeZGa3_z)012, and

{Nd3_ (way)MuScy} [Seal (Fe3)01s.

2) {Prs-ylug) [LugGas_] (Ga3)012.
(3) {Ndz.sYbo.z} [¥by] (Ga3.,Fez)012.
(4) {Ndz .8Lug, 2} [Lug] (Gaz_,Fe,)0r.

(5) iNd33[Lu2](FezGa3_z)012.
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(6) \Pr3)[Lup] (Fe,Ga3.;)012-
(7) Yeralay) [Ybyl(Ges_,Fe )0q,.
(8) {RES) [Fe,] (L1515)0;y and {RE;}[Fey] (Ge,Li)0y,.
(9) {RE3}[Fes] (VBey)Ops.
(10) fsr3y[Lup] (FeyGes ) 019 xFy-
(11) {cas} [Lup] (FeyGes.x)012-xFy-
(12) {REy, Cay ) [2r) /pCay ] (Fe3)Os,.
(13) {Biv,} [RE;] (Fe3)015.

These systems will be explained in detail later.

IV.1l.L Neodymium-Scandium-Iron System. Attempts to prepare

the compound iNdj}[Scz](Fe3)012 have been unsuccessful (49,
50) up to now, and it is also very well known that even {Nd3}
[Fep] (Fe3)012 garnet does not exist.

The ionic radius of Nd3* (55) is so large that it pro-
hibits the formation of the pure garnet, {Nd3}[8c2](Fe3)012.
It was suggested the possibility that pure phases would be
found in compositions iyd3_ySc§}[Sc2](Fe3)012. This attempt
failed (Table 1IV.2).

Table IV.2 System {Nd3_ySc§k[Sc2](Fe3)012

y Purity
0.0 impure
0.1 impure
0.2 impure
0.25 impure
0.30 slightly impure
0.35 slightly impure
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Table IV.2 (Continued)

y Purity
0.40 impure
0.50 impure
0.70 impure
0.80 impure
1.00 impure
1.20-3.00 impure

Direction of increasing purity

Because of the failure of the above mentioned approach,
different procedures were tried.
A, It was postulated that in order to prepare single phase
Nd garnets with iron in tetrahedral sites the average ionic
radius of the tetrahedral site should be decreased by intro-
ducing ions smaller than Fe3+ ions. Therefore, the {Ndjk[Scz]
(Fe,Gaj3.,)019 system was studied. The results are compiled

in Table IV.3 and plotted in Fig. IV.1l.

Table IV.3  System iNdé‘[Scz](FezGa3_z)012

z Purity a(g)
0.0 Pure 12.657
0.2 Pure 12,664
0.6 Pure 12.674
0.8 Pure 12.683
1.2 Pure 12.694
1.8 Pure 12,712
2.2 Pure 12.727
2.4 Pure 12,735
2.6 Pure 12.740
2.7 Slightly impure 12,740
2.8-3.0 Impure -
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B. The failure to obtain single phase garnet compositions in
{Nd3_YScy}[Sq2KFe3)012 suggested another approach. It was
postulated that in order to prepare single phase Nd garnet
with iron in tetrahedral sites a small amount of ions with
larger ionic radius than Sc3+ should be introduced in the c-
sites along with Nd. Therefore, the systems iNdB-(W+y)MwS§}
[S°2](Fe3)012’ where M is Gd, Y, or Lu were studied. The

results are compiled in Table IV.4.

Table IV.4  {Nd3_(yiy)MyScyy [Scal (Fe3)0qp

M=Gd
[

w y Purity a(A)
0.1 0.0 Impure -
0.1 0.1 Impure -
0.1 0.2 Slightly impure -
0.1 0.3 Pure 12.711
0.1 0.4 Slightly impure -
0.1 0.5 Impure -
0.2 0.1 Impure -
0.2 0.2 Slightly impure -
0.2 0.3 Pure 12,708
0.2 0.4 Impure -
0.3 0.1 Impure -
0.3 0.2 Slightly impure -
0.3 0.3 Pure 12.704
0.3 0.4 Slightly impure -
0.4 0.1 Impure -
0.4 0.2 Slightly impure -
0.4 0.3 Pure 12,699

0.4 0.4 Slightly impure -
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Table IV.4 (Continued)
M=Y
W y Purity a(g)
0.1 0.0 Impure -
0.1 0.1 Impure -
0.1 0.2 Impure -
0.1 0.3 Impure -
0.2 0.0 Impure -
0.2 0.1 Impure -
0.2 0.2 Impure -
0.2 0.3 Impure -
0.2 0.4 Impure -
0.3 0.0 Impure -
0.3 0.1 Impure -
0.3 0.2 Impure -
0.3 0.3 Impure -
0.3 0.4 Tmpure -
0.4 0.0 Impure -
0.4 0.1 Slightly impure -
0.4 0.2 Pure 12,707
0.4 0.3 Slightly impure -
0.4 0.4 Impure -
0.5 0.0 Impure -
0.6 0.0 Impure -
M=Lu

0.1 0.0 Impure -
0.1 0.1 Impure -
0.1 0.2 Impure -
0.1 0.3 Impure -



Table IV.4 (Continued)

M=l
y Purity
0.1 Impure
0.2 Impure
0.3 Impure
0.4 Impure
0.1 Impure
0.2 Impure
0.3 Slightly impure
0.4 Pure

1 Impure

2 Slightly impure
.3 Pure

4 Pure
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Iv.2,1l Attempts to prepare Pr-Sc-Iron garnets. Substitution

was attempted in the nominal formula [Pr3_yScy}[Scz](FezGa3_z)
012 .

IV.2,2 Results. An attempt to determine the y-value in this

system was made, Runs were made with z=0 and the y-value was
increased up to 3.0, It was found that no single phase resulted.
Attempts were also made to get single-phase materials with
different values of z but this system was not studied in

detail (i.e. it was tried for z=1.6-3.0). The two attempts

failed.

IV.3.1 Related compounds of general formula ‘FB-ySCy%[SCZ]

(Fe3)012. Attempts were made to determine minimum and maximum
values of y required to yield a single~phase in the system
‘!23_},8%5 [Scy] (Fe3)017 where R is Sm, Eu, Gd, Tb, Dy, Ho, Er,
Tm, Yb or Lu. The resulting compounds are listed in Table

IV.5 and they are shown graphically in Figs. IV.2 and IV.3.

Table IV.5

i§m3_y8cy}[8c2](Fe3)012

y Purity a(K)
0.0 Pure 12.664
0.1 Pure 12.660
0.2 Pure 12,656
0.3 Pure 12.652
0.4 Pure 12,650
0.5 Pure 12,646
0.6 Pure 12.640
0.7 Pure 12,363



Table IV.5 (Continued)
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y Purity a(ﬁ)
0.8 Pure 12,634
0.9 Pure 12.630
1.,0-3.0 Impure -

[Eu3_yScy} [Scol (Fe3)019
0.0 Pure 12,637
0.1 Pure 12.635
0.2 Pure 12.632
0.4 Pure 12.621
0.6 Pure 12.616
0.7 Pure 12,610
0.8=3,0 Impure -

{GdB_yScyk [Se,] (Feq)0q,y
0.0 Impure -
0.1 Impure -
0.15 Pure 12,611
0.20 Pure 12.608
0.25 Pure 12.605
0.30 Pure 12.603
0.40 Pure 12,598
0.50 Pure 12,593
0.60 Pure 12,586
0.7-3.0 Impure -
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Table IV.5 (Continued)

YEb3_yscy} [Sc,] (Fe3)0q,

y Purity a (k)
0.0-0.2 Impure -
0.25 Pure 12.562
0.40 Pure 12,558
0.50 Pure 12,554
0.6-3.0 Impure -

{Py3_ySe Y [Se,1 (Fes)0y;

0.0-0.25 Impure -
0.30 Pure 12,514
0.40-3.0 Impure -

Upon attempting to prepare ¥B3_YSc§}[SCZ](Fe3)012
compounds with the small trivalent rare earth ion, R, being
Ho3+, Er3t and Tm3+ it was found that garnets were formed in
all cases but with additional phases present. 1In the cases
where R is Yb3' or 1u3+t garnet phases were not observed at

all,

IV.3.2 Discussion of Results. The resulting compounds of

system {R3_yScy}[Sc2](Fe3)012 where R is Sm, Eu, Gd or Dy
are listed in Table IV.5 and they are shown graphically in
Figs, 1IV.2, 1IV.3, IV.4 and 1IV.5.

Fig, 1V.3 illustrates the relationship between the

maximum and minimum compositions and the Shannon-Prewitt (55)
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radii of the trivalent rare earths. Fig. IV.2 shows that in
Sm and Eu preparations the y-value is zero. This figure also
illustrates that in Gd and Tb preparations, the compositional
limits are found to grow narrower, and finally, with Dy, only
one composition occurs phase-pure. In Fig. IV.4, the differ-
ence between the maximum and minimum y values (py) are plotted
vs the rare earth radii to illustrate that this relationship
is also more or less regular. Fig. IV.5, illustrates the
relationship between the average dodecahedral ion radius of
the maximum and minimum composition and the Shannon-Prewitt
(55) radii of trivalent rare earth ions.

It is to be noted in Table 1IV.5 that on going along the
rare earth series from the larger ions to the smaller one the
minimum value of y increases. The increase in the y value
means a decrease of the average ionic radius of the dodecahedral
sites (the ionic radius of se3+ (Table IV.6) is smaller than
those of trivalent rare earth ions). From these values one
would certainly expect to have a single phase when R is Ho3+,
Er3t, Tm3+, vb3+ or Lu3t with increasing value of y. This
trend is rather unexpected and one would expect just the
opposite result because it was shown (Table I.4) that the
existence of rare earth iron garnets is limited to certain
rare earth ionic radii. In other words, it is possible to
prepare iron garnets of all the rare earth ions from sm3* to
Lu3t but it is impossible to prepare garnets containing only
large rare earth ions such as Pr3+ and Nd3* on the dodecahedral

sites. The reason that preparation of small rare earth (Ho,
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Er, Tm, Yb and Lu)-scandium-Fe garnets is impossible might
suggest that some of the small rare earth ion enters the octa=
hedral sites, thereby pushing some of the Se3* out and
resulting in a second phase.

If we suggest that the small rare earth ions (that is,
Ho, Er, Tm, Yb and Lu) do not enter octahedral sites then
one may question why [H03}[Sc2](Fe3)012 does not form because
the ionic radii of Ho3* (see Table IV.6) is more than the
average dodecahedral ion radius of single, phase SDy2.7Sc0_3}
[Sco] (Fe3)012 (that is, 1.01, K). This question possibly
could be answered by considering the relative ionic sizes of
the rare earth and scandium in dodecahedral sites. For
smaller rare earths the tendency for scandium to join it in
the dodecahedral sites increases and i theoretical composi-
tion results (when Sc also fills all the octahedral sites)
in which the average ion radius is too small for the garnet
structure to remain stable.

Table IV.6 Ionic radius of Sc3*, Y3+, and trivalent
rare earth ions with coordination number 8 (Ref. 55).

Ton Ionic‘radius
A)
pr3+ 1.14
Nd3+ 1.12
Sm3+ 1.09
Eu3+ 1.07
cd3+ 1.06
Tbg'l' 1.04
Dyt 1.03
Ho3+ 1.02
Er3+ 1.00
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Table 1IV.6 (Continued)

Ton Ionic radius
O
(A)

Tm3+ 0.99

b3+ 0.98

L3t 0.97

y 3+ 1.015

se3+ 0.87

If the lower line of Fig. IV.5 (for Sc) is extrapolated
to Ho3t (r=1.02 K) a minimum required y-value of about 0.38
is indicated. The average dodecahedral ion radius calculated
for hypothetical {H02.628c0.3é‘[Scz](Fe3)012 is 1.00p &, too
small to allow garnets with two Sc3* ions and three Fe3t ions
on the octahedral and tetrahedral sites, respectively. That
1.004 K is too small can be proved by analysis of data in
Table IV.7. Table IV.7 gives values (calculated from data
in Table IV.6) for the average dodecahedral site radii of
limiting composition shown in Fig. IV.2 and listed in Table
IV.5. The decrease in the maximum average dodecahedral site
radius with decrease in rare earth radius is a result of an
increase in minimum dodecahedral Sc content. The minimum
average dodecahedral radii calculated for the materials with
maximum Sc content are, on the other hand, found to give a

minimum limiting value which is greater than the 1.007 X

value required by the hypothetical Ho composition.
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Table IV.7 Calculated average dodecahedral site radius
of compounds with maximum and minimum value of y listed in

Table IV.5,

{R3_yScyl[Sc2](Fe3)012 Average Dodecahﬁeral Site Radius
R Ymin. Ymax,
Sm 1.09 1.024
Eu 1.07 1.024
Gd 1.057 1.029
Tb 1.024 1.01,
Dy 1.01, 1.014

Probably {33_Y5cy}[8c2](Fe3)012 phases, where R is Nd3+
or Pr3+, do not form because the difference between the ionic
radii of Sc3+ and Pr3* or Nd3*+ in dodecahedral sites is too
large (with Fe3* filling all tetrahedral sites).

If one takes the maximum observed value of dodecahedral
radius (1.09 Z, the Sm3* value) and consider this value the
maximum value of dodecahedral site radius for any single
phase garnet, the y-value for R=Nd3* would have to be 0.36
which has been found to be experimentally unattainable. Such
consideration suggested attempts to reduce the average radius
of the ion on dodecahedral sites other than Sc3t by substituting
for Nd3* in the system {Nd3_YSc§}[Sc2](Fe3)012 small quantities
of smaller rare earths (or yttrium) with, of course, then

minimum required amount of sc3t. The ions so employed were
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3+ and the spin only ca3t. The

the nonmagnetic v3t and 1u
result of these attempts are shown in Table IV.4.

The average dodecahedral radii of the Nd materials cal-
culated from the radii given in Table 1IV.6 are given in
Table IV.8 These calculations for the Nd-Y and Nd-Gd pre-
parations appear to offer quantitative confirmation of the
reasoning mentioned. 1In the case of the Nd-~Lu material their
very existence gives additional quantitative support, but
their observed lattice constants and the average dodecahedral
radii calculated therefrom are somewhat lower than expected,
indicating some flexibility.

If, however, the average dodecahedral ion radius of a
neodymium preparation is about the same as that of sm3* one
would expect that the lattice constant to be very close to
that of {Sm3}[Sc2](Fe3)012, The data in Table IV.4 indicate
that this is not exactly so. The Nd materials all have
lattice constants somewhat higher than lattice constants of
the Sm compound. This led to attempts to calculate lattice
constants for these new materials as had been done by Suchow
and Kokta for gallium garnets (39, 40). 1In this case, the
factor l}a/Ardod was obtained from the data for {REé&[FeZ]
(Fe3)0719 compounds iﬁ Table 1.4, and the factor Da/Brgc¢
from the date for the system iyj}[Schez_x](Fe3)012 (51).

In order to calculate[&a/nrdod the average lattice constants
of the {RE3}[Fe2](Fe3)012 system were plotted vs the ionic
radius of REST ions (where RE is Sm, Eu, Gd, Tb, Dy, Ho, Er,
Tm, Ty and Lu). The slope of this line is Aa/prg,q and it
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Table IV.8 Calculated average dodecahedral site radius

of single-phase compounds listed in Table 1IV.4.

Average Dodecahedral
Site Radius

Composition &)
{Nd2_6Gd0.1Sc0.3} [Sca] (Fe3)012 1.095
[Ndy 56dg,2Scq, 3} [Scp] (Fe3)012 1.09;
{Nd2 . 46dg,38¢0, 3} [Scal (Fe3)012 1.09;
{Ndy, 36dg, 4Sc0, 3} [Sez] (Fe3)012 1.087
{Nd2.3LuO_3ScO.4} [Sco] (Fe3)019 1.07,
{Ndy , 3Lug,4Sco, 3} [Scal (Fe3)017 1.075
{Nd2 , 2Lug, 45¢0, 4 [Sc2] (Fe3)01, 1.067
(Ndp,4Y0.45¢0. 2} [Sea] (Fe3)01; 1.08g

calculates to be 1.61l. Calculations were then made for all

lattice constant compositions from

= (average r rLu3+)(2.19) + (average oot "

dod t

rp 3+ (L.61) + a{Lu

qcalc
3} [Fey] (Fe3)01,

The results, given in Table IV.9, show fair to excellent
agreement for most of the materials, but the i$m3} [Sca] (Fe3)
01 value is further off than one would wish. The lattice
constants of the neodymium preparations are therefore justi-
fiably high and it is the Sm compound value which is low.

The reason for this apparent shrinkage is not clear; it cannot
be due to site switching (that is, transfer of some rare earth
to the octahedral site and, simultaneously of additional Sc

to the dodecahedral site) because this would result in an even

higher calculated value of a. Suchow and Kokta (56) proposed
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Table 1IV.9 Observed and calculated lattice constants

[
Lattice Constants, a(A)

Compounds Observed Calculated

iSm3} [Scp] (Fe3)019 12,66 12, 704
EU.3} [SCZ] (Fe3)012 12.637 12.660
Gd2.858c0.15} [Scy] (Fe3)019 12.614 12.61g
{I‘bz.758c0.25}[8cz] (Fe3)012 12.569 12.56,
‘DY2.7OSCO.30§ [Scz] (F83)012 12.514 12.537
tNd2°4Y0.4SCO.2} [Scp] (Fe3)0q9 12,705 12.709
‘Ndz 6Gdo.1S¢q, 3 [Sco] (Fe3)0q9 12.714 12.71g
{Nd 5Gd0 25¢q. 3§[Sc2](Fe3)012 12.708 12°706
{Nd, ,Gdg 3Scq, g} [Sepl(Fes)0q, 12,70, 12.70g
N c12 3Gd0 4Sco 3} [Se,y1(Feq)0q, 12.69, 12.69,
2 3 0 3 . 4}[Sc ](Fe )O 12.698 12.664
[Ndz.sLu()ASco.?’} [Sc,] (Fe3)012 12.69, 12,671
fndy oLug 4Scq. 4t [Seal (Fe3)01s 12,691 12.655
iDy0.7SC2.3‘ [Dy2] (Fe3)012 12.51, 12.579
{Nd2.3ScO_7} [Sc]_.7LuO.3] (Fe3)012 12.693 12.674
{Ndz 3Scq, 7} [Sc]_ 6Lug. 4] (Fe3)012 12.695 12.68p
1Nd2 2S¢y, gylscy glug, 4] (Fe3)012 12,69, 12.664
{smySc} [SmSc] (Fe3)0, 12.66, 12.71,
{smSc,} [Smy](Feq)0;, 12.66, 12,72,
[Dy1.73c1°3}[DySc] (Fe3)019 12,51, 12,555

that Lu3+ increased the solubility of Na3*t in yttrium aluminum
garnet single crystals by entering octahedral rather than
dodecahedral sites. It 1s possible that some or all of the
Lu3* ions in the present cases also enter octahedral sites.
This seems quite possible because of the rather small differ-
ence in the radii of these two ions. Calculation of the
lattice constants of compositions with complete Lu3+ transfer

(Table IV.9) shows are slightly higher than the lattice
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constants of compositions without transfer of Lu3t and
therefore closer to experimental values, but they are still

lower than the experimental values.

IV.4.1 {Pr3_yLu§&[LuXGaz_x](Ga3)012 system. Suchow and

Kokta (40) have studied garnets of the type ‘Pr3_yRy}[RxGa2_x]
(Ga3)01, in which R is Yb, Tm, or Er. They found the minimum
values (i.e. the minimum amounts of small rare earth on dode-
cahedral sites) which yield straight lines when lattice con-

]
(Gag)019 to be 0.5, 0.8, 1.15 for Yb, Tm and Er respectively.

stants are plotted vs x for the systems {Pr3_yRy}[RxGa2_x

The y value for the case where R is Lu has not been reported.
In the present work the attempts were made to find the

minimum value for the system {Pr3ﬂ;uy}[LuxGaz_x](Ga3)012.

Iv.4.2 Results and Discussion. Several systems were pre-
pared with constant y values while changing"x.

It was found that, as the value of y approached 0.3,
single-phase garnets were obtained. When approaching this
minimum value (y=0.3) the plot of lattice constants vs x
became linear. The data obtained is compiled in Table IV.1l0
and plotted in Fig. IV.6.

Suchow and Kokta (40) have calculated the average
Shannon-Prewitt 'IR' radii for the dodecahedral site contain-
ing Pr3t in the system iPr3_yR§k[R2](Ga3)012 where R is Er, Tm,
or Yb but they did not study the Lu system, They have compared
these values with the values for the similar system {Nd3_yR§}

[Rz](Ga3)012. These values are shown in Table IV.1ll, It
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Table IV.1l0

{Pro, 7Lug 3} [LuyGay_,]1(Ga3)01

% a(A)
0.0 | 12.506
0.2 12.537
0.4 12.570
0.6 12.608
0.8 12.652
1.0 12.680
1.2 12,714
1.4 12,754
1.6 12,792
1.8 12.830
2.0 12.866

will be seen that the averages involving any given small rare
earth, R, are very close for Nd3* and Pr3+, but that the average
decreases slightly as the radius of R (which also goes into
octahedral positions) increases.

In the present work on this project it was found that
\Prz_yLuo.jx[Luz](Ga3)012 system also fits this argument (0.3
is the minimum amount of Lu3* on dodecahedral sites which
yields a straight line when lattice constants are plotted vs x

for the system [Pr3_yLu§§[LuxGaz_x](Ga3)0121
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Table IV.11 Calculated average Shannon-Prewitt 'IR'

3+

radii for the dodecahedral site containing Nd3* or pr3t and

minimum y-value amounts of small rare earths (R).

Average Dodecahedral Site Radius (K)

r3+ Nd3* Compounds Pr3+ Compounds
Er3t 1.07g 1.08g

Tm3+ 1.09, 1.00,,

vb3* 1.10¢ 1.11,
Lu3t 1.11, 1.124%

* This value 1s from the present work.

1v.5 {RE3. R/} [Ry] (Ga3_,Fe,)017 System

Attempts to determine the maximum value of z in order to
have maximum amount of magnetic Fe3t in tetrahedral sites were

made.

IV.5.1 Results and discussion of the system iNdZ.SRO.%[Rz]

(Ga3_zFeZ)012. In this system where R is Lu or Yb attempts
to replace all the gallium by iron failed. The resulting
compositions of this system are listed in Tables IV.12 and
IV.13 and the lattice constants vs z values of system ‘NdZ.S
Ybonz}[sz](Ga3_zFez)012 plotted in Fig. IV.7.

In this system the plot of lattice constants vs z-values
is not a straight line. These results suggest that some of
the iron (or gallium) goes to octahedral sites, thereby

pushing some of the ytterbium or lutetium into dodecahedral
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{Ndy , g¥bg, 2} [Yby] (Gag_,Fe, )01

z Purity a(z)
0.0 Pure 12,842
0.2 Pure 12,833
0.4 Pure 12.843
0.6 Pure 12,852
0.8 Pure 12.862
1.2 Pure 12,881
1.3 Impure -

Table IV.1l3
{dp . gLug, o} [Lup] (Gaz._,Fe,)0p
]

z Purity a(A)
0.2 Pure 12,819
0.4 Pure 12,823
0.6 Pure 12,819
0.8 Slightly Impure 12.823
1.0 Impure 12.823
1.2 Impure 12,823
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site and forcing some of the Nd to exist in an additional
phase. Although this second phase is not always detectable

on x-ray film, it does effect on lattice constant.

IV.5.2 Results and discussion of the system lREjl[Luz]

(Gag.,Fe,)01o system. In this system RE stands for Pr or Nd.
Preparation of this system of garnets would permit study of

3+ 3+

and Ga are nonmagnetic

pure rare earth Fe interactions (Lu
ions).

Although attempts to replace some of the gallium by iron
were successful (Tables IV.14 and 1IV.15), the plot of lattice
constants vs z is not linear. The failure to get a straight
line could be a result of a shift of the gallium or iron into

octahedral sites or possibly some of the Lu going into dode-

cahedral sites.

Table IV.14

l'Nd?;} [Lu2] (Ga3_zFez)012

z Purity a(K)
0.0 Pure 12.881
0.2 Pure 12,845
0.4 Pure 12.874
0.6 Pure 12,852
0.8 Pure 12.855
1.0 Pure 12,861
1.2 Pure 12.870

1.3 Impure -
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Table IV.15

fprs} [Luy](Cay_,Fe,)0q,

z Purity a(z)
0.0 Pure 12,925
0.2 Pure 12,906
0.4 Pure 12,910
0.6 Pure 12,906
0.8 Pure 12.917
1.0 Pure 12,920
1.2 Pure 12,926
1.3 Slightly Impure -

IV.6.1 lsr3-xLa¥k[YbZJ(GGB-xFex)OIZ and iQaB_xLaé\[sz]

(Ge3_xFey)0197 systems. In these systems the magnetic rare

earth ion (Yb3*) is on the octahedral site, the ferric ion

is on the tetrahedral site, and the dodecahedral site contains
nonmagnetic ions. These systems would make possible a study
of octahedral-tetrahedral magnetic interactions. The results
of Sy system is shown on Table IV,16. The magnetic properties
of these compounds were not studied because it was not possible
to put considerabl e amounts of iron in a tetrahedral site.

The attempts to prepare the pure garnets of the second kind

(Ca in dodecahedral sites) failed.



83.

Table IV.16

1Sr3_xLax‘§ [Yb,](Ge;_,Fe )0,

X Purity
0.0 Pure
0.2 Pure
0.4 Pure
0.6 Slightly Impure
1.0 Impure
1.2 Impure
1.6 Impure
2.0 Impure
2.4 Impure
2.8 Impure
3.0 Impure

Iv.7.1 Oxyfluoride garnets., Morell, Tanguy and Menil et al. (12)

have studied oxyfluoride garnets of formula YqFeg_ M 019 _yFyx
and GdjFe5_,M,019_4xFyx (M=3d transition elements by partial
substitution of 0%~ by F~ in Y3Fe50p9 and GdgFes507, oxides.
The cationic charge compensation is obtained by replacing the
Fe3* ions by divalent ions such as MnZ+, o2+, Ni2t, cu2+ or

zn2*, Several other papers have been published which deal

with such garnets (57, 58).
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In the present work, attempts were made to prepare a few
compounds of this type; the results of these attempts are

listed in Table 1IV.1l7.

Table IV.17

Nominal Composition Comment
{Sr3}[Lu2](FeGe2)011F Impure Garnet
iCa3}[Lu2](FeGe2)OllF Almost Pure

s}, ] (Feq)ogF, Mostly Lu,0;Lines
{Ca3}[Lu2](Fe3)09F3 Mostly Lu,0; Lines
[Sré}[Luz](Fel.sGe1’5)010_5F1.5 Mostly LuyO3 Lines
{Ca3}[Lu2](Fe1.5Ge1.5)010.5F1.5 Impure Garnet
{Ca3}[Lu2](Fe0.6Ge2.4)011.4F0.6 Slightly Impure
{Ca3\[Yb2](FeO.6Ge2_4)011.4F0.6 Slightly Impure

[Ca3} [Cao .25Luy 75] (FeGe2 )010 . 25F1 .75 Slightly Impure

§9a3}[Cao.5Lu1.5](Fe3)O7F5 Not Garnet
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V. APATITES

V.l Introduction

The hexagonal apatite structure, typified by fluorapatite,
CaS(P04)3F, has been determined by Naray-Szabo (59).

There are six (PO,) groups in the cell, 4 Ca ions on the
trigonal axes surrounded prismatically by 6 O ions, and 6 Ca
ions surrounded by an irregular polyhedron of a fluoride ion
and 5 oxygens. Fluorides are at the corners of the reflection
planes touching 3 Ca ions each.

In a great variety of compounds with this structure the
Ca and P positions are occupied by various other cations and
the F position by various other anions. As a general formula
type one may write A5(BO4)3C (or A5B3012C). The unit cell
contains two crystallographically inequivalent sites for the A
ions (Ca in the case of fluoralatite). Four of the ten A ions
have one type of coordination and the other six another type.
The B ions (P in case of phosphate) are surrounded tetrahedrally.

If cations of proper size are chosen so that the total
charge of 5 A's and 3 B's is 26+ (rather than 25+ as in Cag
(P04 )3F), one can prepare a compound with oxide ions not
only in the usual positions but in the C positions as well.
This is a consequency of charge compensation; examples are
Ca,La(PO,)40 and CaY¥, (Si04)30 (or AgB3073) (60). Such com-
pounds are called oxyapatites.

Another type of oxyapatite has a defect structure; an
example is Cas(PO4)300.5=30.5(0r A5B309, ) where €3 represents

a vacancy.
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Such oxyapatities therefore have in each formula unit as
written here 3 A II cations, 2 A 1 cations, 3 B cations, and
12.5 or 13 oxide ions. These ionic ratios (3:2:3:12,5-13)
are therefore very close to those found in garnets (3:2:3:12).

In the present work attempts were made to prepare oxy-
apatites and fluorapatites with magnetic rare earth ions on
A sites and a variety of ions on tetrahedral B sites and then

to seek magnetic interactions as in the garnets.

V.2 Preparations

Preparations were made by solid state reaction (in some
cases the preparations were repeated by the hydroxide method)*
among various compounds (oxides, fluorides, carbonates,
phosphates, etc.). Desired quantities of reactants were care-
fully weighed and intimately mixed by grinding with an agate
mortar and pestle. Then the mixtures were heated for 24 hours
at 1350°C in open crucibles (except that the crucible was
covered when fluoride was involved) in a muffle furnace.

After this, the samples were regrounded and reheated for 24

hours under the same conditions.

V.3 X-ray Diffraction Studies

X-ray patterns of prepared compounds were checked to see

*Desired quantities of reactants were mixed. This mixture
was then added, with stirring, to ammonium hydroxide. The
precipitate was filtered, washed with water, and dried at
100°C in an oven. Samples of the precipitates were heated
for 6 hours at 1000°C in a muffle furnace., The remaining
procedure was then as stated above.
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whether they contained only lines belonging to the apatite
structure. The patterns of Cas(PO4)3F and CaY4(SiO4)30 were

used for reference. The results are given in Tables V.1-V.7.

Table V.1

Cag (PO, ) 4F%

d Spacing Intensity?@

8.40
5.12
4.05
3.90
3.45
3.18
3.08
2.81
2.77
2.70
2.67
2.625
2.52
2.29
2.25
1.80
1.77
1.750
1.72
1.638
1.605
1.47
1.425
1.400
1.275

SSSSgSiiiiqi}iBEmmgSBmﬂséS

*The result of this preparation agrees with the data given
in literature (61).

4 mstands for medium, vw for very weak, s for strong, and
w for weak.
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Table V.2

RE3M2(XO4)30
RE M X Comment
Nd Th Fe Mostly unreacted ThOj
Sm Unreacted ThO,
Eu Unreacted ThO»
Gd Unreacted ThO2
Nd Ce Unreacted Ce0»
Sm Unreacted Ce02
Eu Unreacted CeO
Gd Ce0y and Garnét phase
Tb Ce0y lines
Dy Ce0y lines
Ho Ce0y lines
Lu Ce07 lines
Er Ce0y lines
Yb Ce0y lines
Tm Ce0y lines
Nd Th Al ThO, lines
Gd Th02 1lines
Er ThO, lines
Nd Ce Ce0y lines
Sm Ce0y lines
Tm Ce0y lines
Lu Ce0y lines
Nd Th Ga ThO2 lines
Gd ThO0y lines
Er ThO, lines
Yb ThO5 lines
Nd Ce Ce0y lines
Gd Ce0y lines
Yb Ce Ce0y lines




Table V.3
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RE;(M30711F)0p 52 ¢ 5

RE M Comment
Sm Al Perovskite phase
Ho Mostly oxides lines
Yb Mostly oxides lines
Sm Fe Mostly oxides lines
Dy Mostly oxides lines
Lu Mostly oxides lines
Nd Ga Mostly oxides lines
Gd Mostly oxides lines
Er Mostly oxides lines
Table V.4

RE5 (M3011F) F
RE M Comment
Sm Ga Mostly oxides lines
Dy Mostly oxides lines
Tm Mostly oxides lines
Eu Al Contains perovskite phase
Lu Mostly oxides lines
Dy Mostly oxides lines
Nd Fe Mostly oxides lines
Gd Mostly oxides lines
Yb Mostly oxides lines
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RE

RE4X(MD

423%.5

(]

0.5

M

Comment

Nd
Gd
Er

Dy
Nd
Lu
Nd
Eu

Dy

Nd
Gd
Er
Dy
Eu
Tm
Nd
Lu
Nd
Gd
Ho

Eu

Ce

Th

Ce

Ga

Al

Fe

Ga

Al

Fe

Mostly oxides lines
1"

1"
"
"
1

1"

Garnet phase

Mostly oxides lines
1"
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Table V.6
RE; (X,Y0;,)F

RE X Y Comment
Nd Fe Si Mostly oxides lines
cd "

Tm T

Nd Al Ge "

Dy 3]

Lu 1

Nd Fe Ge "

Gd 1"

Yb "

Gd Ga Ge "

Er "

Sm 1"

Nd Ga Si "

Dy "

Lu "

Sm Al Si "

HO "




Table V.7
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RE

RE4X(MO4)3F

M

Comment

Lu
Eu
Er
Lu
Nd
Gd
Nd
Sm
Ho

Ho
Nd

Sm
Er
Dy
Nd

Th

Ce

Th

Ce

Th

Fe

Fe

Al

Ga

Mostly oxides lines
1"

"
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V.4 Discussion

Substitution of P by Fe3t and Ga3t ions in
apatite has not been reported. Fisher and McConnell (62)
have claimed the substitution of some Ca and some P by Al13+
in Caig(PO4)gFy apatite but, they have also reported that
the presence of Na is essential to the structure's stability.

In the present work attempts to replace some
or all of P by Al13+, Ga3t+ or Fe3t failed. The ionic radii
for Fe3+, Ga3t and A13* (for CN=1V) according to Shannon-
Prewitt (55) are O.49&, O.47Z and 0.39A respectively and all
of them are larger than p>t (0.17&), Si4+ (0.263) yo+ (0.355R
or As>t (0.3352) which occupy the tetrahedral sites in
reported apatites. This might suggest that these ions are
too big for tetrahedral sites in the apatite structure
although they are right for the tetrahedral site in the garnet
structure.

Apatite with Si in tetrahedral sites have been
reported (63) but, in the present work (Table V.6) attempts
to prepare apatites with Si or Ge couples with iron, gallium
or aluminum failed. It might again suggest that the presence
of Al, Fe or Ga in tetrahedral sites prevents the formation
of apatites. There is also the possibility of losing some
F at high temperatures,

Probably Al3+, Fe3* and Ga3* do not enter tetra-
hedral sites of apatite because tripositive ions on those

sites yleld a structure which is electrically unfavorable.
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VI. MAGNETIC MEASUREMENTS

Vi.l Introduction

As mentioned earlier, in a pure rare earth iron garnet
MIG), (e.g., ipdé}[FeZ](Fe3)012) there is a very strong
negative interaction between the Fe3* ions on the a (octa-
hedral) and d (tetrahedral) sites which induces all of the
ions in each sublattice to enter into parallel alignment
and the a and d sublattices into antiparallel alignment with
one another. Since, per formula unit (M3Feg0j,), there are
two octahedral and three tetrahedral ferric ions, there will
be a net magnetic moment equivalent to 1 ferric ion (5/‘3)
per formula unit from these two sublattices. 1If the rare
earth ion is nonmagnetic (Y3t, La3+, Lu3+), there is no
further contribution. The other trivalent rare earths have
their magnetic moments aligned by negative interactions with
the ferric sublattices.

Geller et al., (7) have proposed that replacement of
some of the octahedral Fe3* ions by nonmagnetic ions such
as Sc3t ions as in i?dé}[Schez_x](Fe3)012 causes random
canting of the tetrahedral Fe3* ions. Because the strong
interactions of the Gd3+ ion moments are with those of the
tetrahedral Fe3t ion moments, this leads also to random
canting of the Gd3* ion moments thereby reducing the contri-
bution of the dodecahedral sublattice to the net magnetic
moment of garnet. Replacement of the tetrahedral Fe3+ by

nonmagnetic ions as in {Qd3_xCa;k[Fez](Fe3_XSix)012 appears
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to have no effect on the alignment of the Gd3* ion moment.
In another paper Geller et al. have reported that the
plot of 1/791vs T for the compound i?dCaé}[ZrZ](Fe3)012 is
concave downward in the region of 30°4 T £50°K and this
garnet appears to be weakly ferromagnetic, but the evidence

presented for the weak ferromagnetism appears inadequate.

VI.2 Instrumentation

The single-phase preparations in Section IV.1l.1 (with
minimum value of y) were subjected to measurements at tem-
peratures from 1.56 to 300°K.

These samples were measured with a null-coil pendulum
magnetometer at a field strength of 15.3 kOe. in the labora-
tory of R, C. Sherwood of Bell Telephone Laboratories,
Murray Hill, New Jersey.

The null-coil pendulum magnetometer was first used by
C. A. Domenicali (64), in 1950 and an improved version of
this instrument was made by Bozorth, Williams and Walsh (65)
in 1956. R. C. Sherwood (66) has increased the sensitivity
of this magnetometer by the use of semiconducting strain
gages and a more stable bridge circuit.

The measurement of monents with the null-coil magneto-
meter is based on balancing the force which is exerted on a
speciment when it is placed in homogeneous magnetic field.
This force is balanced by means of a null-coil which produces
a magnetic moment which is equal and opposite to that of the

specimen.
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The specimen is placed inside the null-coil which is
in a field with a uniform gradient. The force on the system
in the direction X of the gradient field is:

Fy = (m + iAN + m,) BH
X

where m is the magnetic moment of specimen, iAN (current x
area x number of turns) is the moment of the coil due to the
current, m, is the moment induced by the field in the materials
used in the coil and in that part of the pendulum which is in
the field, and dH/3X is the field gradient at the position of
the specimen and coil. The correction term, m,, is determined
as a function of temperature by making a blank run on the
empty coil to obtain values of i which make F=0 for selected

applied fields.

If we designate the correction current i, then

iCAN -+ mc = O
and

F, = [m+ (L - ic) AN] DH/¥X;

consequently m can be measured as a function of i for various
fields and temperatures.

A calibration constant (k) was calculated for the magneto-
meter by measuring the current needed to balance a saturated
sphere of Johnson and Matthey spectroscopically-pure nickel.
The moment of nicke158 , was taken as 54.39 emu/g at room
temperature. The sphere weighed 0.1552 grams and the

balancing current was 135.16 milliampere.
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As mentioned above, the magnetic moment m, can be

measured as a function of i for various fields and tempera-

ture:

m = Kki.

Where k (a calibration constant) is constant. Therefore the

equation for (magnetic moment/gram) will be:

‘% = m/M, where M = weight of sample;

therefore &y = ki/M,

and k = M‘a/i.

For Ni, k = (54.39)(0.1552)(1/135.16)
or k = 0.0625

for any sample 53 = (0.0625)i/Weight of sample.

Therefore at each temperature was calculated by reading
i and using the last formula. ;(% was calculated using the
equations:

XZ = 5!3/H H(magnetic field) = 15.3 k Oe.
and Xy = (63 ) (M.W) M.W = molecular weight.

The data obtained were put into the form of l/x,, vs T,
(Fig. VI.2-VI1.4), é% vs H (Fig. VI.5-VI.8), and for Sm3 [Scy]
(Fe3)012 and {Eujk[Sczl(Fe3)012 JC"'VS T was also plotted
(Fig. VI.2). Molar Curie constants for paramagnetism were
determined from the slopes of straight line portions of 1AKM
plots. The molar Curie constants (Cy) obtained from slopes
of the straight line portions of the plots were given in
Table VI.2 with those calculated from theoretical values
using the magnetic moment values in Table VI.l. The number

of Bohr magnetons shown in Table VI.3 were calculated from:

np = (M)(‘h)/(5585).
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Where ng is the number of Bohr magnetons and M is the formula
weight of the sample.

Data shown in Table VI.5 are the magnetic moments of
rare earth garnets considering antiparallel and parallel
alignment of spins on dodecahedral and tetrahedral sites.

For Gd3* the orbital angular moment L is zero. It is also
assumed to be completely quenched in Fe3t, The rare earth
elements are divided at the point of half filled 4f shell
into light (La-Eu) and heavy (Gd-Lu) groups. In these two
groups, spin and orbital angular moments are couples yielding
J equal to L-S for the light group and J = L+S:for the heavy
group.

For one of the compounds o be discussed later) the
magnetic measurement with high field was made by G. Hull in
his laboratory at Bell Laboratories, Murray Hill, New Jersey.
The method used in high field measurement was to extract the
specimen from a series-connected coil and ballistic flux
meter, the voltage being proportional to the moment. This
instrument allows measurement of magnetic moment at zero

field.

VI.3 Discussion of Results

The garnetsﬁNdj&[Sc2](Fe2.6Gao_4)012, {§d2_3Luo.4Sco.j}
[Sca] (Fe3)012, {Ndp, 3Lug, 3Scq 4} [Scal(Fe3)Op, 4y 4Yg 45c0 3}
[Se21(Fe3)01p, [Ndy ¢6dg 15cq, 3} [Sepl (Fe3)0py, {sma}[Scpl(Fe3)
012, |Eug}iScy](Fe3)012, {Gda g5Sco.15)[Scal (Fe3)012,
{Tb2.755¢c0,25) [Sc2](Fe3)012, and {bya, 75co.3) [Seal (Fe3)01y
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were subjected to measurements at temperatures from 4,.2-300°K
(field strength 15.3 kOe.). The data were put into the form
of 1/7(‘hi vs T plots and Curie constants, Cy, were determined
from straight line portions (Table VI.2). 1In addition,
measurements of magnetic moments of these garnets were made
at temperatures lower than 2°K as a function of decreasing
field and data were plotted as 6% vs H.

29d2-858c0.15}[8c2](Fe3)012 was also subjected to mea-
surement at 4.2°K as a function of increasing field from
0-60.7 kOe. in order to seek saturation.*

The reason that two values of Cy (Table VI.2) for Nd
compounds are reported herein is that in the l/xﬂ vs T graphs
for these compounds it is possible to find two straight lines
(paramagnetic behavior) with different slopes.

For iNdj\[Scszez.GGao.4)012 both values (10 and 13.3)
of Cy are smaller than that of the theoretical value (16.2).
These values indicate a trend of quenching of paramagnetic
moment. In the other four Nd-Fe garnets the quenching appears
to be effective at higher temperature and this effect fades
out of the picture as the temperature drops (at lower
temperatures the value of Cy shown in Table VI.2 is larger
than the theoretical value for each of these compounds).

For five Nd-Fe garnets, antiferromagnetic ordering can

be ruled out because in the case of antiferromagnetism,

*Measurement of all compounds with high field was not possible
because the instrument was not available. Measurement of this
sample was made by G. Hull in his laboratory at Bell Labora-
tories, Murray Hill, New Jersey. This sample was chosen be-
cause Gd3+ is a spin-only ion, which makes the interpretation
simpler.
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l/JqN should decrease with decreasing temperature above the
Néel point. In other words, the slope changes sign at the
Néel temperature.

Ferrimagnetism or ferromagnetism is likely on the basis
of these measurements because extrapolation of 6% vs H curves
do not show a 6% value of zero at H=0 kOe. (this is the
spontaneous magnetization explained earlier).

Table VI.5 shows the calculation of magnetic moments
of these compounds considering ferromagnetic or ferrimagnetic
behavior. Comparing spontaneous magnetization (Table VI.3)
with these valués does not give a quantitative explanation of
any ferromagnetic or ferrimagnetic behavior. This is possibly
because every sublattice (¢ and d) magnetization decreases with
temperature but not necessarily at the same rate. The c=-sub-
lattice magnetization, which is not very strongly aligned,
decreases most rapidly with temperature. If the c~-sublattice
(in the present case Nd) contribution is less than that of
the d-sublattice (Fe), the ferric moment is dominant at all
temperatures, The magnetization of the c=-sublattice is the
greatest at low temperatures and it will simply reduce the
garnet magnetization at low temperature. As the temperature
is raised, the rare earth contribution rapidly decreases.
Eventually at high temperature the materials become para-
magnetic,

At lower temperature the magnetic moments on two sites
(c and d) start to cancel each other out, but in these

materials the field is not strong enough to cause completely
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antiparallel alignment of spins (i.e., canting occurs); that

is why in these compounds magnetic saturation does not occur.

In these materials (Nd-Fe garnets) the interaction is possibly
the "uncompensated antiparallel spins: WNéel type ferrimagnetism'
shown in Fig. VI.l.

Fig. VI.2 shows the Xy vs temperature curve for the
compound {Sm3}[Sc2](Fe3)012 for the field of 15.3 kOe. The
outstanding feature of this curve is that Xy increases as
temperature decreases until T = 32,7°K, but at this point
Xy decreases with decreasing temperature. From this evidence
and from zero spontaneous magnetization for this compound, it
appears that Sm compound undergoes an antiferromagnetic be-
havior, but cooling with maximum field applied results in
spontaneous magnetization. This possibly proves that Sm
compound does not have antiferromagnetism behavior.

The interpretation of these results is that the Sm com-
pound is ferrimagnetic at temperatures above 33°K. The Sm
ion starts losing its moment at temperature around 33°K and
because the iron's spins are already aligned at higher tem-
peratures the Sm moment is the only major cause for decreasing
XM at temperatures lower than 33°K. On cooling with field
applied, the ionic moments of samarium remain more or less
aligned and the result is spontaneous magnetization.

A plot of 1/Xy vs T (Fig. VI.2) for {Eu3} [Sca] (Fe3)012
shows a considerable drop at T = 78.5°K. The curve at low
temperature does not show any significant change of magne-

tization. This behavior means that I/XH is independent of



102.

Pig, VIl

/ SN .

i S——— ‘/r —‘).,/ »>-
T ey T ]
lr__ e
{ > — > >
'
‘ .
L — - —~——— e
1
S U, -
tc) (73]

st | VANVAN

2 I =g
\J\\ /
- ) T 0
.(..‘—:::’J::"".‘— T = 4-'—..'1:.L”"-_— et T S
T e Dt (TR, 5
L v T s e _J ——— JENSESEREES e
gy Wi -
. Schematic 1cpresentation of spin arrangements: (Ref-87)
(2) disordered patamagnetic state ¢ (b) parallel spins: ferromagnetism
() antiparallel spins: Néel type anti-  (d) uncompensated antiparille) spins:
fersomagnetism Néel type ferrimagnetisim
() trivngular antipatallel spins: Yafet- () helical spiral structures: compen-
Kittel type ferrimagnetism sated antiferromagnetic or uncoms-

pensated ferrimagnetic
tg) canted spin Dzialoshioskiitypeweak  (h) canted spins compensated antiferro-
ferromagnets magnets: Lidden canting,



103.

temperature. The interpretation of this result is that the
magnetic moment of iron does not change at low temperature

and since the magnetic moment of Eudt is independent of
temperature (68) the curve of 1/XM vs T does not show any
change (or significant change) at low temperature. The plot
of d% vs H shows a spontaneous magnetization larger than

zero; this is an indication of ferromagnetism or ferrimagne-
tism. This is possibly a ferrimagnetic behavior (with canting
of moments), signaled by the slope changes in the curve 1/Xy
vs T,

Plots of 1/Xyvs T for {GdZ.SSSCO.IS}[SCZ] (Fe3)019,
{Tb2.758c0,25) [Sea] (Fe3)012 and {Dyz,7Seq. 3} [Seal (Fe3)012
are shown in Fig. VI.4. These plots show magnetic ordering
(change of slope) at temperatures around 90-50°K but
not enough points were obtained in order to know the exact
temperature of the slope change. The calculated value of the
Curie constant, Cy, for these three compounds at higher tem-
perature is close to the theoretical values (indication of
paramagnetism,

Antiferromagnetism can be ruled out in these three
garnets because 1/Xy does not go up at any temperature and
it continues to go down as the temperature decreases.
Ferromagnetism or ferrimagnetism cannot be rules out on the
basis of these measurements because extrapolation of 6% vs
H curve does not show a spontaneous magnetization of zero

for any of these three garnets.
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The extrapolation of the straight portion of the 1/Xy
vs T curve cuts the T axis below 0°K. This is an indication
of ferrimagnetic behavior for Gd-Fe, Tb-Fe, and Dy-Fe garnets.
Therefore the interpretation of the results for these three
compounds is that the change of the slopes for 1/XKy vs T of
these three compounds is due to ferrimagnetic ordering (with
canting of ion moments),.

For the Gd-Fe case measurement of magnetic moment in
the field zero up to 60.7 kOe. is another indication of
ferromagnetism or ferrimagnetism. The curve 65 vs H (60.7
kOe.,) at higher field starts to show the approach of satura-
tion, which might occur at fields around 100 kOe,

Results would be more earily analyzed if magnetic
saturation could be attained. The difficulty in reaching

saturation is probably due to extreme canting of ion moments.

Table VI.1 Theoretical magnetic moment and individual

gram-atom Curie constant (Ref. 69).

Theoretical*
Ion Magnetic Moment (M) C(ind)a
Nd3+ 3.62 1.625
Sm3+ 0.84 0.087
Eult 0.00 0.000
Gd3* 7.9 7.816
T3+ 9.72 11.714
Dy3+ 10.65 14,063
Fe3+ 5.92 4.350

* The values for Eu3t, Sm3*+, and Fe3+ taken from Ref. 70.

& For a paramagnetic ion the magnetic susceptibility is given
by X = C/T where C is the Curie constant., For ?ny individu-
al paramagnetic # (magnetic moment) = 2.84(XT)1/2" and there-
fore for any individual atom C(ind) = (#/2.84)2.
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Table VI.2 Experimental and calculated Curie constants

(Cy) of rare earth iron-Sc garnets.

Calculated**
Experimental*  From Theoreti-
Compound (cM) cal Values

{Nd3} [Scal (FegpGags)012 10.0 (13.3) 16.19
[Ndp, YosScan) [Scal (Fe3)01) 10.9 (18.5) 16.95
{NdzsLuO3ScOé_\ [Scyl (Fe3)0qg*** 10.9 (25.6) 16.79
[NdZBLuOASCOS% [Sco] (Fe3)0qp%* 10.9 (27.8) 16.79
{Nd2.6GdOJ.SCO3 [Se,] (Fe3)0q, 11.9 (25.6) 18,06
lSm3\[Scz](Fe3)012 10.4 13.32
{Eu31[Scz](Fe3)012 14,7 13.05
iGdZsSScon\ [Se,]1(Feq)0q, 32.6 35.33
th2J58c025‘[Sc2](Fe3)012 47.1 45.26
{Dyszcoé\[Scz](Fe3)012 51.0 51.02

* These values were obtained from slopes of the straight
portions of the plots 1/Xy vs T. For four of these
compounds two values were obtained because two straight
lines could be drawn in different regions.

*%* Using C(ind) shown in Table VI.L.

*%*For these two compounds as reported earlier (Ref.56) it
is possible that some of Lu gr all of _it goes into the
octahedral site but since Lu3t and Sc3*t are both non-
magnetic ions this change of site does not have any ef-
fect on magnetic behavior of these two garnets.
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Table VI.3
Spontaneous
Magnetization
Compound (BM)

{Nas) [sey 1 (Fey gGag, 4)0; 0.34
[Ny 4¥0.45¢cq, 2} [Sca] (Fe3)017 0.57
bNd2.3Luo.3Sc0.4}[Sc2](Fe3)012 0.67
{Nd2.6Gd0‘1Sco.3\ [Scp] (Fe3)071 1.13
iNd2_3Lu0_4Sco ) 3} [Scy] (Fe3)019 0.93
{sm3} [Sey1 (Fe3)01; 0.00 (0.56%)
Eus} (sc,1 (Feg)0r, 0.08
{6da. 85520, 15} [Sea] (Fe3)01, 0.60 (3.40%)
\Tb2.755¢0, 25} [Se1 (Fe3)0q, 0.80
lDY2.7oSCo.3oK [Scp] (Fe3)012 0.65

* from G. Hull data (Fig. VI.9)

*% From the plot obtained for the case of cooling in field
(Fig. VI.7) by extrapolating to H=0 and using (No. of BM)

k=



Table VI.4
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J, L, S and g values for rare earth and

iron ions (Ref. 70).

Ion J L S g
Nd3+ 9/2 6 3/2 8/11
Sm3+ 5/2 5 5/2 2/7
Eu3+ 0 3 3 -
Ga3+ 7/2 0 7/2 2
Tb3+ 6 3 3 3/2
Dy>* 15/2 5 5/2 4/3
Fe3+ 5/2 0 5/2 2
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Fig., VI.5

Magnetization versus magnetic field for {RE3}[Sc2]-
(Fe3)033, with RE = Sm and Eu.
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Fig. VI.6
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