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contrast to the behaviour in Al-Si alloys where
air-cooling drastically reduces the precipitation
of Si [5].
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Temperature dependence of magnetic
anisotropy

The magnetic anisotropy of most ferromagnetics
is a rapidly varying function of temperature. A
number of workers [I, 2] have theoretically
shown it to be related to the magnetization by

K(T) [M(T)] "

K0) ~ [ M(©0)

where Ky(T), Ky(0), M(T) and M(0) are the
anisotropy constants and magnetization at
temperatures 7 and 0 K respectively, and n = 10.

Charap and Weiss [3] showed that this tenth
power law should hold for all ferromagnetics
with cubic lattices. However, these theories have
not been substantiated by experiment. Iron gave
a third or fourth power law at low temperature
changing to a ninth at higher temperatures [4],
while nickel followed a much modified tenth
power type relation [5]. An alloy of 3% Si-Fe
gave a third or fourth power changing to a ninth
power at higher temperatures [6].

The different methods used in the theoretical
calculations all involve basic assumptions of the
coupling between neighbouring electron spins.
In the limit of complete correlation between spins
theory gives a tenth power law, while for the
limit of no correlation a sixth power has been
predicted [7, 8]. This spin correlation has been
described as extending over a region containing
an atom and several shells of nearest neighbours
[9], and evidence of spin ordering in regions of
this size has been obtained by neutron dif-
fraction [10].

It is well known that Ni-Fe alloys of approxi-
mately 75 at.% Ni undergo an atomic order-
disorder transformation when given an appro-
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priate heat-treatment. This transformation has a
marked effect on most magnetic properties. In
particular, the development of atomic order
increases the Curie temperature and the satura-
tion magnetization [11]. Because of the depen-
dence of these parameters on spin-order it has
been proposed that atomic order and spin order
are inter-related [12]. In particular, changes in
short range atomic order should alter the amount
of spin order in the regions described in [9].
In this investigation specimens were obtained in
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Figure 1 Relation between hardness and annealing
temperature (5 h at each temperature).
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Figure 2 Relation between change in resistivity and
annealing temperature (100 h at each temperature).
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Figure 3 Relation between change in magnetization and
annealing temperature (5 h at each temperature). (a)
Measurements at 77 K; (b) measurements at 293 K.
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Figure 4 Relation between first anisotropy constant and
time of anneal at 440°C. (a) Measurements at 77 K; (b)
measurements at 293 K.

various states of atomic order, and hence spin
order. The magnetic anisotropy and magnetiza-
tion at 293 and 77 K were measured and a
power law computed for each state.

The critical temperature for superlattice
formation depends on composition and, firstly,
the ordering range of the 75 at.%, Ni alloy was
investigated. The optimum heat-treatments were
determined from measurements of hardness and
resistivity on polycrystalline specimens using the
conventional Vickers hardness machine and the
four probe potentiometric method respectively.
Specimens were disordered by annealing for 2
h in dry hydrogen at 1000°C, followed by a slow
cool to 600°C and then a rapid quench to room
temperature. Atomic order was developed by
annealing for given periods in the temperature
ranges shown in the diagrams. Figs. 1 and 2 are
in reasonable agreement with published data
[13, 14] and show that maximum changes

TABLE I

Specimen  Anisotropy Magnetization »#n
ratio ratio

Quenched 0.504 0.934 10.0

20 h anneal 0.738 0.934 4.5

45 h anneal 0.750 0.934 4.2

90 h anneal 0.782 0.934 3.6

occurred at an annealing temperature of 440°C,
somewhat below the temperature of 490°C
usually used in experiments of this type.

The increase in magnetization, as measured
by a modified ballistic technique [15], was
completed in less than 5 h annealing. Because of
the small change with atomic order (Fig. 3),
specimens were measured in the disordered and
equilibrium ordered state only. The ratio of the
magnetization at 293 K to that at 77 K for these
states gave a value of 0.934, constant to within
the limits of experimental error. Anisotropy was
measured on single crystal discs using a sensitive
torque magnetometer [16]. From Fig. 4 the ratio
of anisotropies at the two temperatures was
calculated for different degrees of atomic order
and varied quite markedly, as shown in Table 1.
Aoyagi [17] has investigated the relation between
anisotropy and order for specimens of Ni-Fe—
Mo at temperatures of 293 and 77 K. For an
alloy of 78.8 at.% Ni and 1.35 at.% Mo he
obtained curves similar to those of figure 4.
Unfortunately, he did not compare the values of
anisotropy at the two different temperatures, but
inspection of his graphical data indicate this ratio
is not the same for disordered and ordered
specimens.

Using the relation

K(293K)  [M(293K)]*
K(T7K) ~ [M(77 K)]

and the experimental values obtained, the
exponent n was calculated for various states of
order. While this equation is not truly represen-
tative of the theoretical law, it does give an
indication of the effect of atomic order on the
power law.

Table I shows a value of approximately ten is
obtained for a completely disordered specimen
but this decreases with the formation of order
until a value of about four is observed in the
equilibrium state. Owing to the small difference
between X-ray scattering factors of the dis-
ordered and ordered matrix of Ni-Fe, it is not
possible to quote our results as a function of the

1461



JOURNAL OF MATERIALS SCIENCE 10 (1975) - LETTERS

atomic order parameter. However, the ordering
kinetics of NizFe formed by annealing have been
well established by Iida [18]. He has shown that
short range order is completed after about 10 h
annealing, while long range order requires about
60 h. Our results show that n changes markedly
after short anneals, but annealing times of over
about twenty hours have little or no effect. This
indicates primarily a short range order depen-
dence: as to be expected if the regions of spin
correlation are as described earlier.

If the degree of spin order is assumed to
increase with that of atomic order (as indicated
by Curie temperature and magnetization results)
then the present work appears to be in complete
contrast with theoretical predictions. It is
interesting to note, however, that the experi-
mental results obtained by Graham [4, 6] using
Fe and Fe-Si gave a fourth power law at low
temperatures rising to a ninth power at higher
temperatures. Spin order decreases with rise in
temperature, thus Graham’s results imply that
n decreases with the formation of spin order, in
agreement with our experiments.
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Thermal expansion anisotropy of a
LiY,.Er.sF, single crystal

Interest has recently been renewed in the use of
certain mixed fluoride single crystals as laser
host lattices by the recognition that, when
doped with holmium (Ho®*), stimulated emission
can be obtained at a wavelength of 2.06 pm. This
radiation is somewhat safer to the eye than that
emitted at 1.06 um in corresponding neodymium
(Nd?+) based systems.

Compounds on the pseudo-bonary section
LiY,-oEr,F, (0 < x < 1) of the ternary system
LiF-YF4FErF,, have proved to be particularly
efficient hosts for the Ho®* ion, especially when
sensitized with Tm?+ [1]. The end component,
LiYF,, of the series possesses the body-centred
tetragonal structure (@ = 5.175 A, ¢ = 10.74 A)
of the Scheelite group [2], and recent work in the
authors’ laboratories has shown that the tetra-
gonal symmetry is retained across the entire
section [3]. Crystals with a low symmetry such
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as this often exhibit defects such as dislocation
low-angle boundaries, twins and/or cracks, when
produced as single crystals by melt growth
processes such as the Czochralski or Stock-
barger techniques [4, 5]; defects of this type are
obviously detrimental in optical applications.

One of the major causes of these particular
defects in low symmetry crystals is the stress
arising from anisotropic thermal contraction in
the crystal while cooling to room temperature
subsequent to growth. For some of these
materials, a knowledge of the thermal expansion
characteristics is known to be very important in
determining the optimum crystal growth direc-
tion for minimizing the stresses arising from
thermal anisotropy [6, 7]. The present note
reports the thermal expansion data obtained for
a typical tetragonal fluoride which is of interest as
a laser material.

Dilatometric measurements have been per-
formed on a cubic specimen (cube edge ~ 4 mm)
cut from a crystal grown by the Stockbarger
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