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INTRODUCTICN

In order to study fundamental interactions in matter on a macroscopic
scale it is necessary that the interaction energy be of the order of
magnitude of the thermal energy associated with the temperature of the
material. In general, interaction energies cover a wide range for
various physical phenomena. Thus the extent vo which it is necessary to
lower the temperature to study a particular phenomenon depends on the
weakness of the interaction. In the case of magnetism some metals are
ferromagnetic at room temperature whereas others do not become ferro-
magnetic until cooled to the liquid helium region of temperature. To
study superconductivity it is necessary to work at temperatures below
20 %K and usually below L °K. In order to study nuclear orientation it
is often necessary to work at temperatures in the neighborhood of 0.001
%K, It is understandable then that the attainment of temperatures
below 1 9K has been one of the major efforts in low temperature research
during the past thirty years or so.

The field of low temperature research was opened in 1908 with the
liquefaction of helium by Kammerlingh Onnes (1). Liquid helium boils
under atmospheric pressure at 4.2 %K, and the boiling temperature can
be lowered by reducing the pressure over the liquid. In 1932 Keesom
(2) achieved a bath temperature reported as 0.71 %K but only by using
tremendous diffusion pumps with a pumping speed of 675 liters per second.
A similar bath temperature was obtained by Blaisse et al. (3) who reduced

the heat loss up the superfluid ]iquid He II film by applying a narrow
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constriction in the helium dewar. By this means they needed a pumping
speed of only 10 liters per second. However this appeared to be the
lower limit of temperature obtainable by pumping on a bath of liquid
helium, Ordinarily in the laboratory 1.0 K represents the practical
lower limit of temperature obtainable in this way.

A method for obtaining temperatures below 1 ©K by the adiabatic
demagnetization of a paramagnetic salt was proposed in 1926 independently
by Debye (L) and Giauque (5). In 1933 the first experimental results of
adiabatic demagnetization of a paramagnetic salt were given by Giaugue
and McDougall (6) in which a lowest temperature of 0.25 OK was reported.
Almost simultaneously reports from delaas et al. (7) and Kurti and Simon
(8) indicated success in achieving temperatures well below 1 %K., This
method has subsequently been developed so that it has become a standard
procedure for obtaining very low temperatures.

The lowest temperature that can be attained with this method is
roughly that for which kT is of the order of the interaction energy
between magnetic ions. Although this temperature can be lowered by
diluting the magnetic ions in the salt with the addition of nonmagnetic
ions, such a process also decreases the entropy which can be extracted
from the salt. In the limit of extreme dilution the dominant
contribution to the entropy at 1 YK would be that of the lattice. As
pointed out by Ambler and Hudson (9) 0.001 ®K is probably the lower
limit of temperature attainable by demagnetization of a paramagnetic

salte.
Although a paramagnetic salt can be cooled below 1 OK rather easily,



it is not a particularly simple task to cool other materials by contact
with a salt. As shown by Kurti et al. (10) the thermal conductivity of
a paramagnetic salt is very low at these temperatures, making thermal
contact with a specimen very difficult to achieve. They found that the
approach to thermal equilibrium of a single crystal of chromium potassium
alum whose ends were at different temperatures was too short to be
measured above 0.3 9K and too long to be measured below 0.1k %K. Various
schemes have been tried for making thermal contact between a sample and
a cooling salt, Some of the more successful methods are a copper vane
technique described by llendoza and Thomas (11) in which powdered salt is
pressed into a copper vane assembly. The sample then is put into thermal
contact with the copper. Meyer (12) describes a method whereby a single
crystal of a paramagnetic salt is put into thermal contact with the sample
with many strips of silver ribbon gluéd between the sample and salt
crystal. Quite recently Miedema et al. (13) have studied heat transfer
through solid alcohol solutions of paramagnetic salts. Thermal contact
between the solid solution and a sample is achieved through many copper
wires which are attached to the sample at one end and buried in the solid
solution at the other. The difficulty of poor thermal conduction is
enhanced by the fact that there is a continuous heat leak from the
surroundings to the specimen and salt pill which may spoil the temperature
homogeneity between them.

In 1949 Daunt and Heer (1) proposed a technique for the establish=-

ment of continuous refrigeration at temperatures well below 1 °K. Heer



et al. (15) announced in 1953 the successful operation of the first
magnetic refrigerator. The device employed a cyclic adiabatic
demagnetization-isothermal magnetization process for maintaining a
constant temperature bath to temperatures as low as 0.3 %K. In further
experiments Heer et al. (16) were able to reach and maintain a temperature
of 0.2 %K. They showed that the theoretical limit at which heat
extraction equaled heat input was 0.1 to 0.15 °K. However, they
suggested that temperatures as low as 0.05 9K could be maintained with a
two engine unit.

Mendelssohn and Moore (17) performed experiments in 193L on the
adiabatic magnetization of superconducting tin. They showed that a
cooling of 0.33% cccurred at 2.5 K by magnetizing with a field consider-
ably higher than the threshold value. They suggested the method as a
simple means of producing very low temperatures. In 1936 Mendelssohn
ot al. (18) achieved a temperature estimated to be between 0.2 and 0.3
OK by this method. Mendelssohn (19) has pointed out that temperatures
well below 0.1 9K could be obtained by using metals such as tantalum
and niobium which have high critical temperatures. He suggested, however,
that this method could be best put to use in the temperature range 0.3
t0 1.0 %, The specific heat of a metal increases linearly with
temperature so that, as the temperature of the specimen rises, the heat
influx is balanced by a steadily increasing heat capacity, retarding
the warmup rate. Below 0.3 9K the specific heat of a metal is small in
comparison to that of paramagnetic salts, so that a salt is a more

effective coolant in this temperature region.



Following experiments in 1939 by Daunt and Mendelssohn (20),

Kapitza (21) in 1941 concluded that appreciable drops in temperature
might be obtained from a process based on the mechanocaloric effect in
liquid helium ITI. On the two fluid model of liquid helium II, the normal
fluid has a nonzero viscosity and a nonzero entropy whereas the super-
fluid compenent is a superfluid and has zero entropy (22). Consequently
if 1iquid helium IT is passed through a narrow tube (about 103 mm
diameter) a separation of the phases will occur with a consequent heating
at the entrance and cooling at the exit of the tube. Simon (23) has
shown that the method would be very inefficient, however, due to the

fact that liquid helium has lost almost all its entropy at temperatures
not much below 1 ®K, It is thus almost devoid of cooling power at very
low temperatures.

Sydoriak et al. (2L) in 1948 succeeded in liquefying He3 and found
that 1iquid He3 has a considerably higher vapor pressure than liquid Hel
at a given temperature. Zinov'eva (25) employed this fact in experiments
on the surface tension of liquid He3 in order to extend his measurements
to 0.35 %K by pumping away the vapor from over the liquid. Sydoriak
and Roberts (26) have measured the vapor pressure of liquid He3 and
established the vapor pressure-temperature relation down to 0.3 K.
Seidel and Keesom (27) have developed a He3 cryostat for use in calori-
metric measurements down to 0.3 OK. With the increased availability of
He3 gas this method for production of temperatures in the range 0.3 -
1.0 %X is gainirg wide application.

In 1953 Sommers et al. (28) demonstrated the heat of mixing of He3



in Hel by adiabatically mixing the two liquids and observing the drop

in temperature. They showed the heat of mixing for an 8.6 percent
solution of He3 in Helt at 1.0 ©K to be 0.17 calorie per mole of solution.
This resulted in a cooling of the mixture from 1.0 %K to 0.78 K.

Quite recently London as quoted by Brewer (29) has analyzed the
possibility of using the reversible adiabatic dilution of liquid He3
with liquid Helt in order to obtain temperaturés below 1 9K. He suggested
that reversible dilution could be achieved by introducing superfluid Helt
through a superleak into pure liquid He3 or into a He3 - Helt mixture.

In order to obtain temperatures below 0.001 9K it was suggested
independently by Gorter {30) and Kurti and Simon (31) that nuclear
paramagnetism be used in magnetic cooling. Since nuclear magnetic
moments are about a thousand times smaller than electronic magnetic
moments, such a cooling process, to be effective, must have a starting
temperature near 0.01 °K and an initial magnetic field of the order of
100 koe. Rollin and Hatton (32) in 1948 were the first to obtain cool~
ing by this method. Working with a fluorine salt they lowered the
temperature of the nuclear spin system to 0,17 %K from starting
conditions of 1.2 K and L koe. The spin temperature was observed to
rise back to the lattice temperature of 1.2 OK with a relaxation time
of 60 sec. No appreciable cooling of the lattice was effected because
of the extremely small amount (10~} percent) of entropy removed compared
to the total entropy at 1.2 ©K,

Experiments by Kurti et al. (33) in 1956 were successful in cooling
the nuclear spin system of copper metal to about 20 x 10-6 OK although

they were uncertain as to whether the lattice and electrons were also



cooled to this temperature. In more recent experiments of Hobden and
Kurti (3L) a spin temperature for copper nuclei of 1.2 x 106 %K was
achieved; however the observed relaxation time indicated that the
lattice and conduction electrons did not participate in the cooling.

In summary it can be seen that temperatures well below 1 ©K have
been obtained. For temperatures to 0.3 %K the He3 cryostat now seems
the most practical method. The magnetic refrigerator has the advantage
over a He3 cryostat of maintaining a heat bath down to the lower
temperature of 0.2 %K, Below these temperatures and down to 0,001 9K
the adiabatic demagnetization of a paramagnetic salt has been found to
be the only practical method.

As pointed out above, there are serious difficulties in obtaining
thermal contact between a paramagnetic salt and a sample cooled by it
when the temperature is below about 0.1 °K. The present research was
undertaken with the view in mind of finding a metal alloy which could
be used to produce cooling by adiabatic demagnetization. In order to be
effective, such an alloy would need to be dilute enough to retain a large
fraction of its electronic thermal conductivity, and yet contain enough
magnetic ions so that a sufficient entropy could be extracted during the
magnetization at 1 ©°K. Also the magnetic transition temperature of the
alloy should be near the temperature to be obtained by adiabatic
demagnetization, so that there would be a peak in the specific heat at
this point.

There are some low temperature experimental data available at

present on magnetic properties of dilute alloys of transition metals



dissolved in a noble metal. Owen et al. (35) have reported susceptibility
measurements on dilute alloys of manganese dissolved in copper. They
found that the Curie temperature was a strong function of the manganese
concentration being 7 °K for 1.l atomic percent manganese and 100 °K for
11.1 atomic percent manganese. Further, they found the susceptibility
to be only about 75 percent of its value expected on the basis of the
free doubly positive manganese ion. Hedgcock (36) reported susceptibility
measurements on single crystals of very dilute alloys of iron in copper.
He found that a 0.016 atomic percent iron in copper alloy was weakly
paramagnetic down to the lowest observed temperature of L.2 %K.
Experiments of Schmitt and Jacobs (37) on dilute alloys of manganese in
copper showed that magnetic remanence occurred at 1.76 ©K with as little
as 0.l atomic percent manganese. No remanence was observed for manganese
concentrations of 0.2 and C.05 percent down to 1.8 CK which was the lowest
temperature investigated. Jaccbs and Schmitt (38) have reported further
experiments on dilute alloys of manganese in copper for which the
magnitude of the remanence was measured. They alsc measured the
susceptibility of three alloys of cobalt in copper with 0.5, 1.0, and
2.0 atomic percent cobali, The results of these latter measurements
showed that a Curie-Weiss law for susceptibility versus temperature did
not hold in the temperature range of measurement.

Very few magnetic data are available on dilute alloys of rare
earth metals in a nonmagnetic matrix. Bates and Nevmann (39) have made
susceptibility measurements on alloys of cerium in thorium and found a
well defined minimum in the plot of inverse susceptibility versus

temperature for all samples tested. The cerium concentration ranged



from 5 atomic percent to 90 atomic percent, and the temperature of the
susceptitility maximum was highest for the 5 percent samwle, being close
to 300 K,

Matthias et al. (LO) have investigated alloys of rare earths in
lanthanum in order to determine the dependence of the superconducting
transition of lanthanum on the spin of the solute. In the course of
their investigation they found that gadolinium-lanthanum alloys with
more than 3.0 atomic percent gadolinium were ferromagnetic. The
ferromagnetic Curie temperature varied almost linearly from 1.3 %K at
3.0 percent to 6.0 %K at 10.0 percent gadolinium. They also reported
that only moderate paramagnetism was observed down to 1.3 %K in
gadolinium=-yttrium alloys with even as much as 10 atamic percent
gadolinium. On the other hand, solid solutions of gadolinium in thorium,
another superconductor, were found to be ferromagnetic.

Thoburn et al. (k1) have obtained magnetization data on gadolinium-
lanthanum and gadolinium~yttrium alloys with rather large gadolinium
concentrations. The gadolinium-lanthanum alloys with gadolinium
concentrations from L6 percent to 83 percent were found to exhibit
transitions to antiferromagnetism as the temperature was lowered. A
transition to ferromagnetism occurred for each alloy at a temperature
below the antiferromagnetic transition. The gadolinium-yttrium alloys
with gadolinium concentrations from 25 percent to 60 percent were found
to exhibit a transition to antiferromagnetism at a temperature that
varied nearly linearly with gadolinium concentration. There was no
evidence for a transition to ferromagnetism at lower temperatures for

the 25 percent and 50 percent gadolinium-yttrium alloyse
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From the experimental data on magnetic properties of dilute alloys
that were available at the time this research was undertaken, it could
be seen that none of those alloys studied exhibited properties of the
type needed for adiabatic magnetization. Further, there did not seem to
be any good way by which one could predict the magnetic properties of a
new alloy system by using the results for a different alloy system. Thus
a search was conducted to attempt to find an alloy that would be useful
in adiabatic demagnetization.

Because of their high magnetic moment and the fact that the
electrons contributing to their magnetism are, as stated by Van Vleck
(42, p. 501),

"so deeply sequestered in the interior of the atom that

they are well screened from interference by their neighbors®,
the rare earth metals were considered as good possibilities to use as
solutes in dilute alloys for adiabatic demagnetization. In the work
reported here the magnetic properties of alloys of certain rare earth
metals with either yttrium or ytterbium were investigated. For
reference, Table 1 lists the rare earth metals with some of their physical
properties and atomic constants.

Two alloys of gadolinium with ytirium were studied. TYttrium was
chosen as the host lattice because it has the same hexagonal close
packed crystal structure and very nearly the same lattice parameters as
gadolinium (Lk, p. 370). Gadolinium with a spin of 7/2 and g value of
2 was chosen because of its high effective magneton number and alsc

because this metal is free of orbital magnetic effects. If the

interaction between gadolinium ions is considered as a spin-spin



Table 1. Some physical properties and atomic constants of the rare earth metals.

Ele- Atomic Atomic Crystal Number of Number Peff
ment number weight2 struc- conduction of L4f s L Jd g calc. obs,.
tureb electrons electrons
Y 39 88.9 hep 3 ) - - - - -
La 57 138,92 hex 3 0 - - - - - -
fce
Ce 58 140.13 fee i 1 1/2 3 5/2  6/7 2,6  2.3¢
0 - - - - - -
Pr 59 140.92 hex 3 2 1 5 L L/5 3.6  3.6P
Nd 60 1hh.27 hex 3 3 3/2 6 9/2 8/ 3.6 3.7P
Pm 61 (1k45)
Sm €2 150.35 rhom 3 5 5/2 5 5/2 2/7 1.6  2.1¢
Eu 63 152.0 bee 2 7 7/2 0 7/2 2 7.9 8.3¢
Gd 6l 157.26 hep 3 7 /2 0 1/e 2 7.9 7.92
Tb 65 158.93 hep 3 8 3 3 6 3/2 9.7 9.0b
Dy 66 162.51 hep 3 9 5/2 5 15/2 L4/3 10.6 10.2b
Ho 67 164.94 hep 3 10 2 6 8 5/ 10,6 10.9

3Hodgman et al. (L3. pp. 353-h).
bSpedding et al. (LL).

Cklemm and Bommer (45). The values for Ce and Sm are cited as a function of temperature.
Room temperature values are quoted here.
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Ho 67 164.94 hep 3 10 2 6 8 s/h 10.6 10.9P

8Hodgman et al. (L3. pp. 353-L).
bspedding et al. (Lk).

CKlemm and Bommer (L5). The values for Ce and Sm are cited as a function of temperature.
Room temperature values are quoted here.



Table 1. (Continued)

Ele- Atomic Atomic Crystal Number of Number Pefs

ment number weight® struc- conduction of L4f S L J g calc. obs.
tureP electrons electrons

Er &8 167.27 hep 3 11 3/2 6 15/2  6/5 9.6 10.0P

Yb 70 173.04 fee 2 1k - - - - - -

Lu 71 174499 hep 3 1 - - - - - -

et
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interaction after Neel (L6), then the gadolinium-yttrium alloys would
be a model by which interaction energies in other rare earth alloys could
be determined.

Two alloys of holmium with yttrium and one alloy of dysprosium with
ytirium were studied. Holmium and dysprosium have almost the same
effective magneton numbers, each roughly half again as much as for
gadolinium., Both have large orbital contributions to the magnetic
moment. Holmium has a spin of 2 and dysprosium a spin of 5/2 so that
magnetic interaction energies would be expected to be correspondingly
less than in the case of gadolinium.

In order to learn something about the effect of the lattice on the
dilute holmium system an alloy of holmium in ytterbium was studied.
Ytterbium is divalent and has the face-centered cubic crystal structure
{4k, p. 370)e To see whether the number of conduction electrons affected
the magnetic interaction energy in these dilute alloys an alloy of
eurcpium in ybtterbium was investigatede Europium has the body-
centered cubic crystal structure, and ytterbium the face-centered
crystal structure, and both are divalent. Divalent europium is in the
same ground state as trivalent gadolinium so that one could expect to
make a comparison between the properties of this alloy and a gadolinium-
yttrium alloy of the same solute concentration.

The two holmium-ytirium alloys were studied in single crystal form
in order to investigate anisotropy effects in the magnetic properties.
The results of Hall et al. (47) on single crystals of yttrium show that

there is a large anisotropy in the electrical resistivity. This suggested
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that anisotropy effects might also be observed in the magnetization of

dilute alloys with yttrium as the host lattice.
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BASIC CONCEPTS
Thermodynamics of Adiabatic Demagnetization

In order to produce cooling it is necessary to have a working
substance whose entropy depends both on the temperature and an externally
variable parameter. The cooling is carried out in two steps: First,
the entropy is reduced iso’c;hermally by adjusting the external parameter.
Then the external parameter is varied isentropically in the opposite
direction. In order for the system to retain its same degree of disorder,
it is necessary for the temperature to lower,

Materials used in adiabati¢ demagnetization have the property that
their entropy can be isothermally reduced by application of a magnetic
fields In ordér for an effective proportion of the total entropy to be
removed, however, it is necessary that the entropy due to lattice
vibrations be small in comparison with the magnetic entropy of the system.
This requires that the isothermal reduction of entropy by magnetization
be done near 1.0 %K, The temperature of the system is then lowered by
adiabatic demagnetization,

The entropy of the paramagnetic materials used in adiabatic
demagnetization arises from the multiplicity of the ground state of the
atonic systems. For a system of total angular mementum J there exist
2J + 1 states which are degenerate in the absence of a magnetic field,
provided the temperature is considerably above the characteristic
temperature of the system. This characteristic temperature is

determined by the effects of the lattice (and conduction electrons in
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the case of metals) on an atom in a solid, and is considerably less than
1l %K for paramagnetic salts used in adiabatic demagnetization. The
magnetic entropy which can be removed at 1 °K is thus k log(2J + 1) per
atom. The orbital degeneracy associated with the quantum number J may
be partially or wholly lifted by the effect of the crystalline electric
fields If it is completely lifted, the magnetic entropy is then
determined only by the spin S and is k log(2S + 1) per atom.

The laws of thermodynamics applied to a substance in a magnetic

field may be expressed as
TdéS = dU + MdH (1)

where T denotes absolute temperature, S the entropy per unit volume,
U the internal energy per unit volume, M the magnetization per unit

volume, and H the magnetic field strength. Fram this it can be shom

that along an isexitropic

= - (LY
Cyal (37 @ , (2)
where Cy is the specific heat per unit volume at constant H. Thus the

adiabatic demagnetization process will produce cooling if (.g_,lr_‘) is
H

negative. This is the case with paramagnetic materials. It should be

pointed out that materials which exhibit an antiferromagnetic transition

oT
warming would occur by adiabatic demagnetization, or cooling by adiabatic

have a positive (ﬂ) below the transition temperature so that
H

magnetization. The decrease in entropy during the isothermal

magnetization at the initial temperature T; 1is
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s - 8, =LH(_§¥> aH ) (3)
"

where S 1is the entropy in the magnetic field and S, is the zero field
entropy. Since the cooling is produced through an isentropic change, S
also represents the entropy of the system immediately after the

demagnetization. Therefore
H Tf
(ﬂ) o Co 4T (L)
o \oT T. T ’
H i

where C, is the zero field specific heat of the system and T;, Ty are

the initial and final temperatures, respectively.
Magnetic Fields in Material Media

The magnetic field H which is to be considered as the field acting
on the magnetic ions of a paramagnetic material is not, in general, equal
to the externally applied field. If the external magnetic field is
uniform, the field within the material will be uniform if the material
is in the shape of an ellipsoid. The relation between the internal

field Hipt and the externally applied field Hext is then

Hing = Hext - €M . (5)

£ is the demagnetization factor and is determined by the shape of the
material (48). For a prolate spheroid of an isotropic substance placed

in a wmiform external field
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£ = ypl-e? [ 1. 14w _
where e 1s determined by the axial ratio and is given by

(7)

a being the major axis and ¢ the axis of revolution.
According to the Lorentz model the local field Hj,. acting on an

individual ion is given by
Moo = Hom + (4T £)u : (8)
On this basis the local susceptibility of the material, defined as the

ratio of M to Hj,e 1is

= M/Hoxt
Xloc 1 +(%I- E) M/Hext. .

(%)

In the case of a spherical sample £ = LT/3, and thus Xy . = Vepys
where X ext is the ratio of the magnetization to the external field.
The Lorentz approximation to the magnetic field assumes that all dipoles
in the medium are equal and parallel. Although this is not true for a

paramagnetic material the approximation holds quite well for X << 1.
Normal Paramagnetism

Materials which exhibit temperature dependent paramagnetism have a

nonzero value of the total angular momentum J in the ground state. In
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the absence of a magnetic field the ground state is 2J +1 ~fold
degenerate. However with the application of a magnetic field H there

will be a first-order Zeemann splitting of the levels with separation

g }(BH where g 1is the Lande factor, and B is the Bohr magneton. A
statistical treatment gives the following result for the magnetization

M of N magnetic ions per unit volume:
= NgJ}iBBJ(X) . (10)

x is defined as gJ /uBH/kT and Bgy(x) is the Brillouin function:

By(x) = 29 [i?_J_*_l.._)X] 1
J(x) 57 55 53 coth = . (11)

Values of this function and its first derivative have been tabulated by
Schmid and Smart (L49) for various J values. In the high temperature,

low field limit for which x << 1,

M o= NI(J +1)gf ppH/3kT , (12)

which is Curie's law with the Curie constant given by

C = NJ(J +1)g? ,uBz/Bk . (13)

If the magnetic field that is used in Equation 12 is taken to be the
local field given by Equation 8 then Curie's law for an ellipsoidal

sample becomes

= CHext/(T - O) ’ (1L)
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& =it _g) (15) .

A 1is dependent on the shape of the sample and the Curie constant and
ordinarily is considerably less than 1 °K.

It is convenient to speak in terms of an effective paramagnetic

magneton number defined as
P = |3(3 +1)g3 &

This gives the number of Bohr magnetons which contribute to the
magnetization of a single atom. The saturation magnetization, obtained

in the limit of large H/T is
M5y = Ngdup . a7)

A magneton number characteristic of the saturation magnetization per

atom is defined as

Nags = 8J . (18)

Ferromagnetism and Antiferromagnetism

Ferromagnetism is characterized by the presence in a material of a
spontaneous magnetization in the absence of a magnetic field. The
temperature above which this spontaneous magnetization disappears is

called the Curie temperature. Above the Curie temperature ferromagnetic
materials exhibit paramagnetic behavior and follow a Curie-Weiss law:
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¥ = CH/(T-@) . (19)

In this expression & is called the paramagnetic Curie temperature and
is usually somewhat larger than the actual transition temperature. On
the basis of the Weiss molecular field theory the saturation magnetic
moment is obtained from Equation 10 in the limit of large H/T. The
saturation magnetization is given by Equation 15 and the effective
magneton number by Equavion 16.

Antiferromagnetism in a substance is characterized by an anti-
parallel orientation of neighboring spins. The most characteristic
property of a polycrystalline antiferromagnetic substance is that its
susceptibility shows a maximum as a function of temperature. The
temperature at which the antiparallel alignment begins to occur is called
the Neel temperature, and above this temperature the magnetic spins are
"free" and exhibit paramagnetism described by the Curie-Weiss law of
Equation 16 with @ replaced by - ¢ . In absolute magnitude this value

of @ is very nearly equal to the Néel temperature.
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MATERIALS TESTED
Preparation

The pure metals used in fabricating the alloys were prepared in
this laboratory. The rare earth metals were obtained in distilled form
“:y'reduct.ion from the fluoride using techniques developed by Spedding
and Daane (50). Yttrium metal was prepared by a method described by
Spedding et al. (51)s The yttrium metal was taken directly from a
sponge obtained in the final separation process.

Alloys of ytitrium with small amounts of rare earth metal were
prepared by arc melting together in a helium atmosphere the proper
amounts of each constituent in the following manner: Two separate
buttons were formed, each containing half the proper amounts of the two
metals to be alloyed. These buttons were separately flipped over and
remelted six times, then melted together into a larger button which, in
turn, was flipped over and remelted six times. The resulting alloy was
formed into approximately the desired shape by building up a long narrow
button in layers. Alloys of ytterbium with rare earth metals were
prepared by casting together the proper amounts of each metal in a
tantalum crucible. The probability of obtaining homogeneous alloys
with both of these methods is very good.

The alloys were fabricated into the desired form by machining on a
lathe. The two gadolinium-yttrium samples wére cut into the shape of a
prolate spheroid of diameter 5/8 inch and length 1-1/2 inch. The
remainder of the samples were cut into cylinders 1-1/2 inch long and 5/8
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inch diameter.
Single Crystals

Single crystals were obtained for two alloys of holmium-yttrium.
The method employed in producing these single crystals was a grain
growth technique which has been described by Hall et al. (47). An arc-
melted slug of the alloy was carefully polished and subsequently annealed
in a vacuum at about 1250 ©C for 2l hours. The resulting specimen
consisted usually of several grains, some of which were as large as 3mm
by 3mm by 9mm. Crystal orientation was determined by standard back
reflection x-ray technique as described by Greninger (52). The surfaces
of the grains immediately after the anneal were of a quality good enough
to allow excellent x~-ray pictures to be taken without etching.

The single crystals were cut from the annealed slug with a jeweler's
saw and ground and polished into shape on emery paper. The single
crystal of Ho-Y 0.6~99.lL was shaped into an approximate rectangular
parallelepiped of dimensions 3mm by Smm.b-y émm and mass O.hQB gram.

The single crystal of Ho-Y 1.0-99,0 was shaped into a rectangular
parallelepiped of dimensions 3.1 mm by 3.1 mm by 9.1 mm and mass 0,400
gram. The length of this latter crystal was in the direction of the
c-axis. (The symbols used above to designate the samples are explained

in the next section.)
Purity

Each of the metals used to prepare the various alloys was examined

spectrographically for impurities, except for the gadolinium on which no
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analysis is available. In addition the single crystals of holmium-
yttrium alloys were tested spectrographically for metal ion impurity
and by vacuum fusion for dissolved oxygen.

Two gadolinium~yttriun alloys were studied in this investigation.
These will be designated Gd-Y 0.3-99.7 and Gd-Y 1.0-99.0, and they
contained 0.3 and 1,0 atomic percent gadolinium, respectively. The
analysis for the yttrium used in preparing these alloys is given in

Table 2.

Table 2. Analysis of ybttrium used in preparation of the gadolinium-
yttrim alloys.

Eleament Content in
yttrium (%)

012

016

.118

13
<01
<.005
~ 002
<,0015
~ .02

JEERpom=o

From the analysis it can be seen that the oxygen impurity is
significantly high., The effect of this on the magnetic properties of
the alloy will be discussed in a later section.

Two holmium~yttrium alloys with holmium content 0.6 and 1.0 atomic
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percent were studied. These will be designated as Ho~Y 0.6-99.L and
Ho~Y 1.0-99.0, respectively. The analysis for the metals used to

prepare these alloys is shown in Table 3.

Table 3. Analysis of holmium and yttrium used in preparation of
holmium-yttriuwm alloys.

Element Content in Content in
holmiwm (%) yttrium ()
C .0075 .0089
N ~0054 .0020
F 0071
0 020
Ca .05 < JO01
Ta ( ol lad .01
T4 very low
Zr very low
Fe .01 ~ 402
Ni ""002
Si ¢ 02
Tm < 01
Er <.01
Dy 0L

One dysprosium-ybttrium alloy was studied. It contained 1.0 atomic
percent dysprosium and is to be designated as Dy-Y 1.0-99.0. The
analysis for the metals used in preparing this alloy is shown in Table L.

One alloy of holmium in ytterbium and one of europium in ytterbium
were investigated. The concentrations were 1.25 atomic percent holmium

and 0.l atomic percent europium for which the respective designations are
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Table 4. Analysis of dysprosium and ytirium used in preparation of
the dysprosium-yttrium alloy.

Element Content in Content in
dysprosium (%) ytirium (%)
c 0L «0063
N «0015 .0006
F 0072
0 013 0425
H .015
Ca .05 .0001
Ta o1
Si .03
Fe 01 ~ 02
Exr .02
Ho 02
Tb ol
Yb .005
Mg .0001}L
Ni A o02

Ho-Yb 1.25-98.75 and Eu-Yb 0.4-99.6. The yttertium for both alloys was
from the same source so the analysis for the metals for both alloys is
given in Table 5.

Single crystals were studied for the two holmium=ytirium alloys
already mentioned. Small pieces from each of these crystals were
analyzed for impurity. The results are indicated in Table 6.

The. observed holmium concentrations of 1.13 and 2.05 percent by
weight become 0.6l percent and 1.1l percent, respectively, on an atomic

basis. To within the 10 percent accuracy of the spectrographic analysis,
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Table 5. Analysis of holmium, europium, and ytterbium used in
preparation of holmium-ytterbium and europium-ytterbium

alloys.
Element Content in Content in Content in
holmium (%) europium (%) yttertiwm (3)
c .0065 .0090
N .0019 .0052
F .050 .0030
Ca <05 trace .05
Fe <01 <05
Ta < cl n ol < ol
Si .02 <.01
T <01
Dy <0l
Er <01
Tm .01
b faint trace
La trace
Sm faint trace
Mg {.01
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Table 6., Analysis of single crystals of Ho-Y 0.6~99.l and Ho-Y 1.0-99.0.

Element Content in Content in
Ho-Y 0.6-99.)s (%) Ho-Y 1.0-99.0 (%)

0 .025 .028

Al trace faint trace
Cu trace very weak
Fe very weak very weak
Ho 1,13 + .11 2,05 + .20
Mg faint trace not detected
Ni trace very weak
Si faint trace faint trace
Er €.005 £.005

Dy £.005 <+005

Tb <405 <.05

Gd .08 + .04 08 + .04
Sm <05 £.05

Ca trace

these values are in good agreement with the percentages 0.60 and 1.00,

respectively, determined from the weights of the constituents used in

the alloyinge



29

EXPERIMENTAL PROCEDURE
Magnetic S\isceptitxi.lity Measurements

The magnetic susceptibility was measured in the liquid helium
temperature range for all samples except the single crystals of holmium-
yttrium and the polycrystalline sample of ’europimn-ytterbium. The method
used was insensitive to samples as small as the single crystals of
holmiwm-yttrium. The europium-ytterbium sample exhibited large
remanence characteristic of a ferromagnetic material so that suscepti-
bility measurements could not be obtained for this sample. As described
later, measurements on some samples were made at temperatures below 1 °K.

4 metal helium cryostat of the type described by Henry and Dolecek
(53) was used in this work. A modification was made to the tail
assembly of the cryostat in order to reduce the effects of eddy currents
on the susceptibility measurements. The inner and outer sections of the
tail assembly were made of stainless steel. The copper' radiation shield
in the tail had a narrow slit along its full length in order to present
an open electrical circuit to eddy currents attempting to flow circularly
around the copper tube. In order to keep room temperature radiation
from passing through this slit and striking the liquid helium dewar,
the radiation shield was wrapped with a layer of aluminum foil.

The detail of the sample tube used for the susceptibility measure-
ments is shown in Figure 1. The sample was suspended in the sample
tube by fine silk threads, as illustrated, for some of the runs. This

was done in order that data on adiabatic demagnetization could be



Figure 1. Sample tube used for susceptibility
measurement.



STAINLESS
STEEL

COPPER

STAINLFSS
STEEL

MANGANIN
LEADS

CARBON
RESISTOR

SAMPLE

SILK
THREAD

HEATER

l
o

31

TO
MANOMETER

—

2 A A a' 2 _ald o a 8 o o

0
A s R an o 4. 8.4 o

————— e

BAKELITE
RADIATION
TRAP

VAPOR PRESSURE
B8uLB

BUCKING
SECONDARY

PLEXIGLASS
FRAME

SECONDARY NO.2

PHOSPHOR BRONZE
SPRING

SECONDARY NO. |

PRIMARY



32

obtained during the same liquid helium run. Other susceptibility
measurements for all samples were made with the sample centered in the

~ sample tube with bakelite spacers. In each case the sample was brought
to the temperature of the liquid helium bath by the introduction of
helium exchange gas into the sample tube at a pressure of 50-100 microns.
The radiation shield at the top of the sample tube prevented room
temperature radiation from above from entering the sample chamber,

The temperature of the sample was taken as the temperature of the
liguid heljum bath at the same height in the helium dewar as the sample.
The temperature of the liguid helium bath was determined by measuring
the pressure over the bath with a mercury manometer for pressures
greater than about 5 cm Hg, and with a butyl phthalate manometer for
pressures less than this. Several separate calibrations showed the
relative densities of the mercury and the butyl phthalate to be 12.98
and 1, respectively. At temperatures above 2,17 °K a sultable correction
was made for the hydrostatic head between the top of the bath and the
median plane of the sample. At temperatures below 2.17 ©K, which is the
A - point of liquid Heh, the bath is very nearly a super heat con-
ductor so that no such correction should be applied (54). The
hydrostatic head correction above 2.17 9K was obtained as follows: A
small amount of helium gas was condensed in a bulb located li inches
above the median plane of secondary number 2 and 8 inches above the
median plane of secondary number 1 (refer to Figure 1). A 1/16 inch
diameter stainless steel tube connected this bulb with a line leading

to a manometer system. The dii‘_:f.‘erence between the pressure over the
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bath and the vapor pressure in the bulb was observed with a butyl
phthalate manometer. The hydrostatic head correction was taken as the
sum of this pressure difference and the hydrostatic head of liquid
helium, corresponding to a depth of L inches for the central position
and 8 inches for the lower position in the sample chamber. The
temperature was then obtained from the "1958 Helt Scale of Temperatures”
(54).

As a check on temperature measurement and also for calibration
purposes, several runs were made with a sample of a paramagnetic salt.
A plot of inverse susceptibility versus temperature obtained for an
ellipsoidal compressed pill of iron ammonium alum is shown in Figure 2.
The experimental points fit a straight line very well, as expected from
Curie's law. .The intercept of 0.0l 9K on the temperature axis agrees
well with the value of A = 0.036 %K computed from Equation 15. It
can be concluded that the method of temperature measurement is good.

Susceptibility was measured with a ballistic Hartshorm bridge which
was patterned after one described by deKlerk and Hudson (55). 4
ballistic method of measurement was chosen because it was felt that an
A. C. method would induce undesirable eddy currents in the metal samples
making the interpretation of the susceptibility difficult. The
galvanometer chosen for this arrangement had a sensitivity of 0.05
microvolt per mm at 1 meter, a period of 5 seconds, and an external
critical damping resistance of 8 ohms. The primary and secondary
detection coils were wound directly on a 7/8 inch diameter stainless

steel sample tube of 0,011 inch wall thickness. The primary consisted
of a single layer of 1498 close-wound turns of 3L gauge triple formvar



Figare 2., Inverse susceptibility versus temperature
for an ellipsoidal compressed pill of
iron ammonium alum,
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copper wire. BEach of the secondary coils was close-wound about the
primary in four equal layers with 1304 turns of 39 gauge triple formvar
copper wire,

The relative spacing of the secondary units is illustrated in Figure
1, which is a scale drawing of the sample tube. The secondary coil at
the top of the sample tube serves to "buck out™ a signal from either of
the lower two coils so that no galvanometer deflection will be obtained
if the sample tube is empty. The leads from secondaries number 1 and
number 2 were led to a2 switch so that either of these could be connected
into the bridge circuit. By this arrangement the susceptibility of two
different samples could be measured during the same liquid helium run.

In taking measurements to determine susceptibility the following
procedure was used: A steady current of 100 ma was maintained in the
primary circuit. This current was reversed quickly and the resultant
deflection of the galvanometer observed. External mutual inductance
coils could be switched into the bridge circuit in opposition to the
detection coils in order to keep the galvanometer deflection on scale.
The switching circuit was arranged so that the detection sensitivity was
waffected by this. At any particular temperature, then, the effective
-galvanometer deflection was observed for reversal of a known current in
the primary.

Calibration data were obtained for two differently shaped samples
of a paramagnetic salt whose Curie constant was well known. The salt

used for these measurements was iron ammonium alum of "Baker Analyzed"d

8anufactured by J. T. Baker Chemical Co., Phillipsburg, N. J.
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grade. Crystals of the salt were ground into a fine powder and com-
pressed into a cylindrical pill of 5/8 inch diameter with a pressure of
about 10,000 pounds per square inch. One sample for the calibration data
was used in this cylindrical form with dimentions 5/8 inch diameter by
1-1/2 inch long. The second sample was cut on the lathe into an
ellipsoid of 5/8 inch diameter by 1-1/2 inch long. Since this salt
deccomposes quite rapidly at room temperature, it was necessary to keep
the samples well below the ice point while working with them. The
ellipsoid sampie was kept cold during the cutting process by allowing
a spray of liquid nitrogen to fall on it all the time. The samples
were stored by wrapping in aluminum foil and placing in a container o:E"
liquid nitrogen. The filling factor for each sample was determined by
volune and mass determinations with the sample in cylindrical shape.
The density as so determined was compared with the accepted value for
crystalline density of 1.71 g per em3 (L3, p. 473). The filling factor
as so determined was 0.97 for each sample.

The susceptibility of a metal alloy sample was determined by
obtaining data of galvanometer deflection versus temperature and using
the paramagnetic salt calibration data for the shape of that particular
sample. The temperature range covered was 1.2 °K to L.2 °K; however,
lower temperatures were obtained for two of the samples by magnetic
cooling. The Gd-Y 0.3-99.7 alloy was cooled below the helium bath
temperature by adiabatic demagnetization. The temperature was obtained

from a calibrated carbon resistor mounted directly on the sample with



38

G. E. adhesive number 70312, For this alloy, data of susceptibility
versus temperature were obtained down to 0.8L %K. The carbon resistor
used in this work was a Speer® nominal L70 ohm 1/2 watt resistor with
the outer plastic easing removed in order to reduce its heat capacity.
The resistance was measured with a three wire Wheatstone bridge connected
in a manner that eliminated effects of lead-wire resistance.

The Ho-Y 1.0-99.0 alloy was cooled below the helium bath temperature
with a compressed pill of iron ammonium alum by adiabatic demagnetization
of the iron alum salt pill. A copper fin assembly was silver-soldered
to a copper rod. The iron alum was ground into a fine powder and
pressed into the fin assembly with a pressure of about 10,000 pounds
per square inch. A small amount of toluene was added to the salt powder
before it was compressed in order that the powder would flow properly
when pressure was applied. The end of the copper rod of this assembly
was then screwed tightly into the end of the metal sample and placed in
a sample suspension as illustrated in Figure 3. A carbon resistor of
the type described above was mounted on the copper rod to serve as a
temperature monitor,

The temperature of the sample was_obtained-from the susceptibility
of the iron ammonium alum by extrapolating the straight line plot of
inverse susceptibility versus temperature into the region of temperature

below 1 %K. The so-called Curie temperatures thus obtained were

8Manufactured by General Electric Co., Chemical Division, Pittsfield,
Massachusetts.

bManufactured by Speer Resistor Co., Bradford, Pennsylvania.
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Figure 3.

Sample assembly for cooling a sample
by the adiabatic demagnetization of
a paramagnetic salt.
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converted to temperatures on the absolute scale with the correlation

data of Cooke et al. (56) for iron ammonium alum.
Magnetization Measurements

The magnetization of the single crystals of the holmium-yttrium
alloys was measured at temperatures in the liquid helium region. The
measurements were made using a 3 kw Weiss-type magnet that produced a
uniform field gradient in the vertical direction for fields from O to 1l
koe. The magnet and associated measuring equipment were patterned after
the design of Elliott (57) as modified by Thoburn (58). Temperatures
in the liquid helium region were obtained by pumping on a bath of
liquid helium in a metal cryostat, The cryostat was similar to that
used for the susceptibility measurements except that all parts in the
tail assembly were méde of copper.

A line drawing of the experimental arrangement is shown in Figure
4 and a more detailed drawing of the sample chamber in Figure 5.

Helium exchange gas at a pressure of about 1 mm Hg was introduced into
the bell jar and sample chamber in order that the sample would make good
thermal contact with the liquid helium bath. (Helium exchange gas at a
pressure of about 200 microns was introduced into the space between the
sample chamber and the liquid bath. The apparatus was designed with
this ;pace so that temperatures above the bath temperature could be
obtained by evacuating this chamber and dissipating power in the heater
coil. No measurements at temperatures above the bath were made for the

present research, however.) In order to reduce the heat leak to the



Figure 4. Experimental arrangement for
magnetization measurements.
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Figure 5, Detail of sample chamber used
in magnetization measurements.
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sample, the inside of the sample tube was blackened with Aquadag® so
that it would absorb any radiation striking it. Room temperature
radiation from above could then reach the bottom of the sample tube only
by travelling in a straight line. In order to intercept part of this
straight-line radiation, a copper radiation shield was introduced into
the sample rod about 8 inches above the sample. The diameter of the
shield was 1 cm which allowed it to cast a shadow on the entire sample
and sample holder. Furthermore, the copper shield served as an
effective heat station to conduct away to the exchange gas any small
amount of heat that could be flowing down the quartz rod.

With the above-mentioned precautions, the sample was in very good
thermal contact with the liquid helium bath. The temperature was
determined by measurement of the pressure over the bath with a manometer
system as described above, and reference to the "1958 Helt Scale of

Temperatures" (5kL).
tdiabatic Demagnetization Measurements

The metal alloys which exhibited paramagnetic behavior down to the
lowest temperatures measured were examined by adiabatic demagnetization
in order to see whether they would be useful in magnetic cocling. The
sample tube and cryostat were the same as used in the susceptibility
measurements. The sample tube with a sample mounted for demagnetization

work is shown in Figure 1. The magnet was the same one used for the

anufactured by Acheson Colloids Corporation, Port Huron,
Michigan.
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ation measurements with the exception that plane pole pieces
were used in order to produce a uniform magnetic field over the volume
of the sample. The equipment for adiabatic demagnetization was mounted
on one side of the room, that for magnetization measurements on the
other. The maznet was mounted on wheels and could be rolled on rigid
tracks from one setup to the other.

The sample was suspended at the center of a very thin-walled plexi-
glass frame by two fine silk threads. The lower thread was attached to a
phosphor bronze spring in order to reduce vibrations of the sample.

A Speer carbon resistor of nominal value 470 ohms was mounted directly
on the sample with G. E. adhesive as shown in Figure 1. Three LO gauge
manganin wires made electrical connection between the resistor and one
arm of a Wheatstone bridge circuit. All the plastic covering was ground
off the resistor to reduce its heat capacity, and one side was then
ground flat so that it would make good physicai contact with the sample.
In order to attach the resistor to the Gd-Y 0.3-99.0 sample, it was
necessary to fit one side of it to the curved surface of the ellipsoidal
sample.

The purpose of the carbon resistor was to serve as a thermameter.
Nicol and Soller (59) have shown that this type of resistor may be
expected to have the following temperature-resistance relation between

4.2 and 0.3 ©K:
AlogR = T (log R - B)2 . (20)

In this expression R is the resistance and T the temperature; A and
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B are constants. The resistor used in this work was calibrated in the
liquid helium region during each run, and temperatures below the bath
temperature were determined from an extrapoiai;ion of this calibration
curves The R versus T relation of Equation 20 was checked for
temperatures below the bath during two separate runs by cooling the
resistor with a paramagnetic salt in an arrangement similar to that
shown in Figure 3. The resistor was assumed to be in thermal
equilibrium with the paramagnetic salt whose temperature was obtained
from its susceptibility in a manner described above. The agreement was
better than 5 percent down to 0.7 ©K and better than 10 percent from 0.7
to 0.3 %K. Below 0.3 9K the value of temperature calculated from
Equation 20 was found to deviate upwards very strongly from the
temperature measured by the paramagnetic salt,

During the course of a demagnetization experiment the following
procedure was used: Helium exchange gas at a pressure of about 10
microns was introduced-into the sample chamber. The sample was
magnetized at about 1.25 OK by application of a steady field of about
11 koe. As soon as the heat of magnetization had been carried away by
the exchange gas, the sample chamber was pumped out to a vacuum of 10-6
mm Hg or better. This pumping usﬁally took about one hour. The
magnetic field was then reduced to zero over a time interval of about
60 geconds. The demagnetization was done slowly in order that a
minimum of eddy current heating would be induced in the sample. The
magnet was then rolled away in order to remove the large amount of iron

from the measuring coils of the ballistic bridge. The susceptibility
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and resistance were measured every half minute after the demagnetization,
as described above.

The demagnetization setup for the single crystals of Ho-Y 0.6~99.lL
and Ho-Y 1.0-99.0 was similar to the arrangement described above.
However an Allen-~Bradley? deciwatt nominal 10 ohm resistor was mounted on
the sample rather than the resistor used previously. This resistor was
used in these measurements because of its extremely small size and mass
(7 milligrams after being ground down) and consequent small heat
capacity. In the liquid helium range of temperatures the resistance-
temperature relation was found to obey Equation 20. Extrapolation to
temperatures below 1 OK was used to obtain the temperature of the
resistor and sample. The work of Clement et al. (60) on 10 ohm Allen
Bradley resistors indicates that this relation holds true in the

temperature interval 0.15 to L.2 %K.

8Yanufactured by &llen Bradley Company, Milwaukee, Wisconsin.
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RESULTS
Susceptibility Measurements

The magnetic susceptibility of two gadolinium-yttrium alloys was
measured. The samples were in the form of ellipsoids 5/8 inch diameter
by 1-1/2 inch long, and had gadolinium concentrations of 0.3 and 1.0
atomic percent. The data are plotted on the graph of Figure 6 in which
the inverse susceptibility in cgs units is plotted as ordinate against
temperature in degrees Kelvin as abscissa. Also presented for comparison
are the data obtained for a compressed pill of iron ammonium alum.

This pill had the same shape and dimensions as the alloy samples and
was 0.97 of the crystalline density.

The Gd~Y 0.3-99.7 alloy exhibits paramagnetism down to the lowest
measured temperature of 0.8l ©K, however the experimental points begin
to deviate from a straight line at about 1.5 ®°K. There is a strong
indication that a maximum in susceptibility may occur not too far below
0.8 %K., From the slope of the straight line portion of the plot, a
Curie constant C = 0,0023 was obtained. The intercept of the extra-
polated straight line with the temperature axis is 0.35 %K., The scatter
in the experimental points near 4.0 9K is very likely due to the
insensitivity of the detection system to such a weakly magnetic material,
The actual galvanometer deflection at 4.2 9K was 8 mm with an uncertainty
in measurement of 0.2 mm.

The Gd-Y 1.0-99.0 alloy shows a2 minimum in the plot of inverse

susceptibility versus temperature, the minimum occurring at 3.4 °K,



Figure 6. Inverse susceptibility versus temperature for the
alloys Gd-Y 0.3-99.7 and Gd-Y 1.0-99.,0. Data for
a salt pill of iron ammonium alum are shown for
comparison. See text.
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This means that a maximum occurs in the susceptibility at this temperature;
such behavior is characteristic of a transition to the antiferromagnetic
state below this temperature. There are insufficient experimental data
above the transition temperature for a determination of the Curie
constant and paramagnetic Curie temperature.

The magnetic susceptibility of one dysprosium-yttirium alloy was
measured. The sample contained 1.0 atomic percent dysprosium and was in
the form of a cyiinder 5/8 inch diameter by 1-1/2 inch long. The
experimental data are presented in the graph of Figure 7 with inverse
susceptibility plotted versus temperature., Similar data for a com~
pressed pill of iron ammonium alum are shown for comparison. This pill
was 0.97 of the crystalline density and was of the same shape and
dimensions as the alloy specimen. The alloy exhibits simple paramagnetism
down to about 1.5 %K. However below this temperature there is a minimum
in inverse susceptibility and thus a maximum in susceptibility; the
susceptibility maximum occurs at 1.3l K. The Curie constant obtained
from the straight line portion of the curve through the data points is
C = 0,0076. The intercept of the extrapolated straight line with the
temperature axis is =0.28 %K,

The magnetic susceptibility of two holmium~ytirium alloys was
measured. One sample contained 0.6 atomic percent holmium, the other
1.0 percent; both were cylinders 5/8 inch diameter and 1-1/2 inch long.
The experimental points are plotted on the graph of Figure 8 with
inverse susceptibility versus temperature. The data for the salt pill

are the same as presented in the graph of Figure 7 and are shown for

camparison. Both alloys exhibit paramagnetic behavior down to the



Figure 7. Inverse susceptibility versus temperature for the
alloy Dy-Y 1.0-99.0. Data for a salt pill of
iron ammonium alum are shown for camparison. See
text.
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Figure 8. Inverse susceptibility versus temperature for the
alloys Ho-Y 0.6~99.0 and Ho=-Y 1.0-99.0. Data for
a salt pill of iron ammonium alum are shown for
comparison. See text.
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lowest temperatures measured although there is a slight deviation from
simple paramagnetism at the lowest temperatures. (Temperatures below
1.25 oK for the Ho~Y 1.0-99.0 alloy were obtained by cooling the sample
with a demagnetized paramagnetic salt as described above.) The Curie
constants obtained from the slopes of the straight portions of the plots
are C = 0,0085 for the 1.0 percent alloy and C = 0.,0056 for the 0.6
percent alloy. The intercepts with the temperature axis of the
extrapolated straight lines are ~1.23 %K and -1.50 %K, respectively. It
should be noted that, although the Curie constants are approximately the
same as the expected values, the actual susceptibility in this‘
temperature region is roughly only half of what would be obtained if the
alloys exhibited ideal paramagnetic behavior., The susceptibility of
the 1.0 percent alloy at 1.5 %K is 0.0032 whereas the susceptibility
of an ideal paramagnetic of the same Curie constant would be X =
0.0085/1.5 or 0.0057. This difference is associated with the
relatively large negative paramagnetic Curie temperature. It is
interesting to note that there seems to be no evidence for a maxdmum
in the susceptibility of the 1.0 percent alloy down to the lowest
temperature of 0.15 %K., There is an increase in susceptibility at the
lowest temperatures greater than would be obtained from simple
paramagnetism as evidenced by the breaking away of the experimental
data from the extrapolated straight line plot. There is no indication,
hoviv'é;er, that a maximum in the susceptibility is being approached.

The magnetic susceptibility of an alloy of 1.25 percent holmium
with 98.75 percent ytterbtium was measured. The sample was in the form

of a cylinder 5/8 inch diameter by 1-1/2 inch long. The experimental
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data are presented in the graph of Figure 9 along with data on a salt
pill which are the same as those of Figure 7. Fram the graph it can be
seen that there is no simple paramagnetism. Furthermore the
susceptibility of this sample is extremely weak. This alloy has
approximately the same number of holmium atoms per cm3 as does the alloy
Ho-Y 1.0-99.0; yet at 1.5 OK the susceptibility of this Ho-¥b alloy is

0.00095 in comparison to 0.0032 for the holmium~yttrium alloy.
Magnetization Measurements

The magnetization G~ , in emu per gram, of a single crystal of
Ho-Y 0.6-99.0 and a single crystal of Ho~Y 1.0-99.0 was measured as a
function of magnetic field intensity at temperatures in the range l.L7
to L.2 K. Measurements were made with the a-axis parallel to the field
at all temperatures and with the c-axis parallel to the field at onev
temperature. Large anisotropy was observed which caused the sample
and sample rod to rotate from the c-axis position into the a~-axis
position at high fields and reduced temperatures.

The experimental data for the single crystal of Ho-Y 0.6-99.L
are plotted on the graph of Figure 10. Magnetization with the a-axis
parallel to the field is plotted for temperatures of 1l.L7, 1.87, 3.01,
and 4.20 0k, With the c-axis parallel to the field, only the data at
1,20 9K are available. For comparison purposes the dashed line of
Figure 10 is 2 curve computed from Equation 10 for an ideal paramagnetic
material at 1.47 °K of the same saturation magnetization.

It can be seen that the anisotropy in magnetization is very strong,
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Figure 9. Inverse susceptibility versus temperature for the alloy
Ho=-Yb 1.,25-98.75. Data for a salt pill of iron
ammonium alum are shown for comparison. See text.
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Figure 10. o versus H for the single crystal of Ho-Y 0.6~99.4. The
dashed curve represents the ideal paramagnetic behavior
at 1.L47 %K. See text.
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with the a-axis magnetization fully 5 times the c-axis magnetization at
11 koe and 4.20 K., The magnetization along the c-axis appears to vary
linearly with the field up to the highest field, whereas the magnetization
along the a-axis has the general behavior of the ideal magnetization but
considerably reduced in magnitude from it. Isofield plots of g versus
T are shown in the left-hand graph of Figure 1l. The plotted points
are taken from the smoothed curves of Figure 10. The isofield plots

are extrapolated to zero temperature in order to obtain values of

o H,0+ These values of (J'p o are then plotted versus 1/H and
extrapolated to infinite field in order to determine the saturation
magnetization CT;;,O = 2.9 emu per gram. (It is this saturation
value of 2,9 emv per gram uhic? was used to normalize the dashed curve
of Figure 10.) |

The data for the single crystal of Ho-Y 1.0-99.0 are presented in a

-similar manner in the graphs of Figures 12-1li. It can be seen that
there is very strong anistropy in the magnetization with the a-axis
magnetization being more than 6 times the c-axis magnetization at 4.2
OK. The a-axis magnetization was found to fall considerably below the
ideal magnetization at l.49 9K, This is the same behavior as found
with the alloy of 0.6 percent holmium. From the plot of CT—H,O versus
1/H of Figure 13 it is seen that the extrapolated magnetization is
<7’;;;o = L1.8 emu per gram. (It is this saturation value of L.8 emu
per gram which was used to.normalize the dashed curve of Figure 12.)

In Figure 1l are plotted data taken of O~ versus H with the field

increasing and decreasing. There is a noticeable hysteresis effect



Figure 11. o versus T and g7 o versus 1/H for the single
crystal of Ho-Y 0.6-99.0°.







Figure 12, o versus H for the single crystal of Ho-Y 1.0-99.0.
The dashed curve represents the ideal paramagnetic
behavior at 1.49 °K. See texte.
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Figure 1. ¢ versus H at 1.58 %K for the
single crystal of Ho-Y 1.0-99.0
with field increasing and de-
creasing and with the a-axis
parallel to the field.,



72

4.0

3.5

30—

2.5

9/NN

W 2.0

0

1.5—

1.0

0.5

12

10

H KOE



73
indicating the presence of ferromagnetic inclusions in the sample.
Adiabatic Demagnetization Measurements

The materials examined by adiabatic demagnetization were those
which exhibited paramagnetism down to the lowest measured temperatures.
These were the following: Gd-Y (.3-99.7, Ho-Y 0.6-99.), and Ho-Y
1.0-99.0, the latter two both in polycrystalline and single crystal
form.

The Gd-Y 0.3-99.7 alloy was demagnetized from an initial
temperature of 1.25 %K and a field of 10.6 koe. The lowest temperature
recorded was 0,82 9K, and the temperature of the sample started to rise
immediately as shomn in the top graph of Figure 15. Since the
demagnetization was carried out over a period of two minutes, the lowest
temperature would have been reached two minutes after the start of the
demagnetization. An extrapolation of the warming curve back to 2.0
minutes indicates that the lowest temperature actually obtained by the

sample was probably 0.8 °K.

The rapid rise in temperature is most likely due to heat transfer --
from the walls of the sample tube via residual helium exchange gas. An
estimate of this heat leak to the sample can be made by use of Knudsen's

formula (61, p. L49) for heat transfer in the free molecular region. ' ‘

9, = 7275 p(Ty - Ty)a/ YT (21)

where gt is the heat transfer in erg/sec cm2, P the pressure in

dynes/em?, T, and T, the warm and cold temperatures, respectively, a




Figure 150

Warming curves after demagnetization
of the alloys Gd-Y 0.3-99.7, Ho-Y
0.6-99.L4, and Ho~-Y 1.0-99.0. The
abscissa denotes time in minutes after
the start of the demagnetization.
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the accomodation coefficient (equal to unity for "sticky" molecules),
and M the gas molecular weight. With the sample of 16 cm? area at 1.0
9K and with the bath temperature at 1.25 9K this gives a qy of about 500
erg/min., Here a 1is taken as unity and p as 5x10~8 mm Hg, which is
the gauge pressure of about 106 mn Hg multiplied by the thermomolecular
ratio 1/ {300, At 1.0 OK the warming rate of the sample, as obtained
from the graph of Figure 15 was .017 9K/min. The heat capacity at this
temperature can be approximated by the electronic heat capacity of the
yttrium in the sample. Jennings et al. (62) have shomn the electronic

heat capacity of yttrium to be
Copl = B5%x104 T joules/mole °K . (22)

Using this value of heat capacity and the observed warming rate, the
heat input to the sample of mass 22 g was found to be 350 erg/min at
1.0 %X, From these calculations it can be seen that the heat leak due
to residual exchange gas accounts for the rapid rise in temperature

© after demagnetization.

The alloy Ho-Y 1.0-99.0 was demagnetized from a field of 11.L koé
and a starting temperature of 1.28 °K, and the Ho-Y 0.6-99.4 alloy fram
11.L4 koe and 1.29 %K. The warming curves for these two samples are
shomn in the. center and lower graphs of Figure 15, respectively. The
lowest temperatures obtained were 0.91 YK for the 1.0 percent alloy and
1.0l 9K for the 0.6 percent alloy. The warming rates are about the
same as observed previously and can be accounted for by the presemce of

residual helium exchange gas as described above.
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The single crystals of the holmium~yttrium alloys were demagnetized
with the c-axis parallel to the field and with the a-axis parallel to the
field. However the results obtained in the two cases were the same. The
conclusion is that, because of the strong anistropy in the magnetization
and because of the flimsiness of the suspension in the sample chamber (see
Figure 1), it is not possible to keep the sample from orienting itself
with the a-axis parallel to the magnetic field. The results presented
are those for demagnetization with the a-axis parallel to the field; no
results are available for demagnetization with the c~axis parallel to
the field.

The Ho-Y 0.6-99.l4 alloy single crystal waes demagnetized from an
initial temperature of 1.25 OK and a magnetic field of 12.0 koe. The warm-
ing curve is plotted on the graph of Figure 16, The lowest temperature
recorded was 0.83 0K, The warming rate agrees with that computed on the
basis of residual exchange gas as described above. The slight change in
warming rate at 37 minutes occurred at the same time that the voltage
across the Wheatstone bridge was raised from .02 volt to .06 volt. The
power input to the resistor with L2 volt across the bridge circuit is
estimated to be about 2 ergs per minute which is only about one third of
the heat input due to residual exchange gas. With the voltage raised to
.06 volt, the energy dissipated in the carbon resistor becames the
dominant heat input - thus the increase in warming rate.

The Ho-Y 1.0-99.0 alloy single crystal was demagnetized from an
initial temperature of 1.25 9K and a magnetic field of 1l.L koe. The
warming curve is plotted on the graph of Figure 17. The lowest tempera-
ture recorded was 0.76 °K, The rate of warming agrees with that

calculated on the basis of residual exchange gas, as before.



Figure 16, Warming curve after demagnetization of the alloy
Ho-Y 0.6-99.is The abscissa denotes time in
minutes after the start of the demagnetization.
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Figure 17. Warming curve after demagnetization of the alloy
Ho-Y 1,0-99.0. The abscissa denotes time in
minutes after the start of the demagnetization.
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DISCUSSION

A comparison between the observed Curie constants and those

calculated using Equation 13 are shown in Table 7. It is apparent that

Table 7. Comparison of observed and calculated Curie constants for some

alloyse.
Alloy C (observed) -l C (calculated)
Gd-Y 0.3-99.7 0023 0012
Dy-Y 1.0-99.0 0076 .0071
HO"I 006-990,4 00056 000)43
Ho-Y 1.0-99.0 .0085 .0071

the observed Curie constants are somewhat larger than expected on the
basis of the calculations. This can be explained, in part at least, by
the presence of impurities in the samples. All the samples contained
iron and nickel to the extent of about 0.02 percent by weight and oxygen
in the i‘ollowing amounts: 0.13 weight percent in the gadolinium-ytirium
alloys, 0.0k weight percent in the dysprosium~yttrium alloy, and 0.02
weight percent in the holmium-yttrium alloys. However, the contributions
of these impurities to the Curie constant are small, being 0.0003, 0.0002,
and 0.0001, respectively. From the hysteresis measurements on a holmium-
ybttrium single crystal it is apparent that there is a certain small
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amount of ferromagnetism in this alloy. If this is due to ferromagnetic
clustering of the solute metal, one would expect this to be present to
some extent in all the alloys, representing a small departure from random
dispersal of the solute atoms. This, in turn, would enhance the sus-
ceptibility and help account for the larger observed values. It should
also be mentioned that Sato et al. (63) have pointed out that the 1/x
versus T curves for dilute alloys exhibit a slope which increases with
temperature. Thus the Curie constant calculated from the slope of the
curve would be overestimated at all but the high temperatures (near room
temperature).

Magnetic transitions characteristic of antiferromagnetism were
observed at 3.40 %K in the Gd-Y 1.0-99.0 alloy and at 1.3L4 9K for the
Dy-Y 1.0-99.0 alloy. There is evidence of an aﬁproaching transition at
0.8 %K in the Gd-Y 0.3-99.7 alloy. No traﬁsition was observed in the
holmium-yttrium alloys down to the lowest temperatures measured.

Thoburn et al. (L1) have determined the paramagnetic Curie temperatures
and Néel points of gadolinium-yttrium alloys with large gadolinium
concentrations. Between 60 percent and 25 percent gadolinium they find
these two characteristic temperatures to be roughly the same. An
extrapolation of their data to small gadolinium coﬁcentrations gives
expected transition temperatures of L °K and 1 °K for the 1.0 percent
and 0.3 percent alloys, respectively. These numbers are in reasonable
agreement with the present results.

Néel (L46) has suggested that the paramagnetic Curie points for the

rare earths could be explained by assuming a spin-spin type of



8L
interaction between magnetic ions so that
kO o 5(s+1) . o (23)

On the basis of this interaction one would expect the gadolinium alloy
to have the highest magnetic transition temperature of the 1.0 percent
alloys tested because it has the highest spin (refer t;;'rable 1), More
recently de Gennes (6li) has suggested that correction to the spin-spin
interaction should be made for spin-orbit coupling. He proposes that

the Curie point should vary in the following manner:
k@ o J(J+1) (g-1)2 . (2L)

Table 8 shows the observed magnetic transitions of the 1.0 percent alloys

and calculated transitions using both Equations 23 and 2l normalize_d to

Table 8, Observed and calculated transition temperatures for 1.0
percent alloys of rare earth in yttrium.

Solute T, K T, K To OK

(observed) (caloulated (caloulated

Equation 23) Equation 24)
Gd 3.40 3.40 3.40
Dy 1.34 1.83 1.52

Ho 0,15 1.30 0.97
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the transition of the gadolinjum-yttrium alloy. It can be seen that the
observed transition temperatures seem to vary more rapidly than predicted
by either Equation 23 or Equation 24, A similar result was obtained by
Bozorth et al. (65) who studied compounds of rare earth metals with the
platinum metals,

Various proposals have been advanced in recént years which arrive
at a method for determining the Curie point or the Neel temperature
(depending whether the material goes ferro- or antiferromagnetic) in
dilute magnetic systems. Owen et al. (35) using a molecular field
treatment discuss a model of copper-manganese alloys in which the
conduction electrons became magnetized by the ion cores. The conduction
electrons are then considered as magnetizing other ions parallel to
themselves, thus producing a cooperative effect leading to ferro-
magnetism at sufficiently low temperature. They predicted that the
Curie point should vary linearly with S(S + 1) and with solute
concentration. However their experimenta.l'resﬂts indicated that the
dilute copper-manganese alloys became antiferromagnetic at low
temperatures rather than ferromagnetic. Electron spin resonance
measﬁrements suggested that the coupling between ion cores and con-
duction electrons was ten or more times smaller than expected,

In a later paper Owen et al. (66) discuss a molecular field
treatment of the copper-manganese alloy system with the manganese ions
divided into two sublattices 4 and B in such a way that short range
interactions give ferromagnetic coupling A-A, B-B, and antiferromagnetic

coupling A-B. On this basis they show that the observed antiferramagnetic
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ordering can be explained if the ferfomagnetic indirect exchange via
conduction electrons is much smaller than the short range antiferro-
magnetic exchange. They show that the Néel temperature should vary
linearly with S(S + 1) and the concentration.

Pratt (67) discusses the theory of antiferromagnetic-ferromagnetic
transitions in dilute magnetic alloys. He proposes that the direct
exchange coupling between the conduction electrons and the d electrons
of the ion cores can account for the observed antiferromagnetism in the
dilute copper-manganese system and that it is comparable in magnitude to
the antiferromagnetic coupling.

Statistical treatments of dilute magnetic systems have been given
recently by Sato et al. (63), Brout (68), and Seiden (69). Sato et al.
(63) point out that the molecular field treatment is quite inappropriate,
even qualitatively, in the case of magnetically dilute solutions. This
conclusion is based on the fact thatv a molécular field treatment pre-~
dicts that the Curie point starts from zero concentration. Such a
calculation takes into account i;teractions between both near and
distant atoms with equal weight‘. Their statistical treatment arrives
at a Curie point for the ferromagnetic transition which varies linearly
with the strength of the interaction, but which is a linear function of
the concentration only at high concentrations. A finite concentration
such that ¢(z -1) > 1 (c = concentration, z = number of nearest
neighbors) is required for the onset of ferromagnetism on this model.
That is, the appearance of ferramagnetism coincides with the concentration

for which the number of magnetic atoms is just greater than sufficient

to make a linear chain in the crystal, on the average. A similar
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conclusion is reached i‘or_ a system with antiferromagnevic orderinge.
Brout (68) has developed a statistical treatment, involving inter-

actions among clusters of a fimite number of particles, for a random

ferromagnetic system. In the limit of extreme dilution and for nearest

neighbor interactions only, the Curie point was calculated t¢ be given

by
tanh (J/kT,) = 1/xz s (25)

where 2z is the number of nearest neighbors, x the concentration, and
J the interaction energy for nearest neighbor interactions. This
predicts that ferromagnetism will not occur unless xz > 1, a conclusion
roughly the same as that of Sato et al. (63).

Seiden (69), in a statistical treatment that considers ferramagnstic
coupling in a random lattice, arrives at a Curie point which is pro-
portional to S(S +1) §nd to the concentration. No cutoff concentration
was predicted which is in disagreenient with the galculations of Sato
et al. (63) and Brout (68).

The observed paramagnetic Curie temperatures ® and magnetic
transition temperatures T, are presented in Table 9 for comparison. A
molecular field treatment predicts that ® = % T; with the plus sign
| for ferromagnetism and minus sign for antiferromagnetism. The observed
transitions are thought to be antiferromagnetic which should give a
negative ® , This is observed for the Dy-Y 1.0-99.0 alloy; however, a
positive @ is observed for the Gd-Y 0.3-99.7 alloy. This feature is

not understood, nor is the fact that @ is larger for the 0.6 percent
holmium-yttrium alloy than for +he 1.0 percent ailoy. It is expected
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Table 9, Observed paramagnetic Curie temperature ( and observed
magnetic transition temperature T for the alloys studied.

Alloy 0] Te
Gd-Y 0.3-99.7 . +0.38 0.8 (2)
Gd-T 1.0-99.0 (?) 340
Dy-Y 1.0-99.0 ~0.28 1.34
Ho-Y 0.6-99.4 -1.50 1.25
Ho-Y 1.0-99.0 -1.18 0.15

that the magnetic transition temperature would be higher for higher
solute concentrations, yet in this case the paramagnetic Curie
temperature is found to be larger (in absolute value) for the weaker
alloy. In this respect, Parks and Little (70) have found (@ to be
negative for two dilute alloys of dysprosium in ytirium and to be larger
in absolute value for the more concentrated alloy.

The very strong anisotropy observed in the holmium-yttrium single
crystals helps to explain part of the difficulty encountered in the
adiabatic demagnetization of the polycrystalline holmium-yttrium alloys.
After reaching a final temperature of 0.83 9K by demagnetization of the
Gd~Y 0.3-99.7 alloy it was, at first, a mystery why the polycrystalline
holmium=yttrium alloys could not be cooled even this much. (Since the
holmium=yttrium alloys have considerably larger magnetic ion

concentrations, and since holmium has a larger magneton number than

gadolinium, it would be expected that considerably more entropy could be
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removed during isqihqrmal magnetization from the holmivm-yttrium rather
than the gadolinium-yttrium system.) Demagnetizations of the single
crystals in the easy direction show that lower temperatures are obtained.
This is a consequence of the greater degree of alignment obtained during
the magnetization along the easy magnetic direction. However, there is,
even yet, some property of these alloys which prevents them from being
cooled to very low temperatures by adiabatic demagnetization. Entropy
considerations (discussed below) will throw some light onto this problem,
The saturation magnetizations of the single crystal holmium-yttrium
alloys from the extrapolated portions of the 1/H plots of Figures 11 and
13 are presented in Table 10 along with the values expected as calculated
from Equation 17. The observed values of Ua,, are about 25 percent
less than the predicted values in each case. It is interesting to note,
however that the value of 0;, obtained for the 0.6 percent alloy is 60

percent of the valus £or the 1.0 percent 21loy. =20 one would expect.

Table 10. Observed and predicted values of saturation magnetization
for the single crystal holmium-yttrium alloys.

Alloy 0., (observed) Os,, (predicted)

HO-Y 0.6‘990’4 209 3.78
Ho-Y 1.0-99.0 L8 6430




Bozorth et al. (65) find a similar depression of the saturation
magnetization in holmium alloys with the platinum metals. They consider
this to be a result of partial quenéhing of the orbital moments in
holmium. However, no such quenching is apparent in pure holmium metal;
the predicted saturation moment is truly obtained along a crystalline
direction in the basal plane halfway between two a-axes®, Since the
holmium ions in the holmium-yttrium alloys are in practically the same
crystalline enviromment as they are in holmium metal, it is difficult to
explain how quenching of orbital moments would occur in the alloys and
not in the pure metal. Three other possible expianations can be offered
for the smaller observed magnetizations: First, the 1/H extrapolation
to determine - U, , may not be appropriate, so that application of a
strong_ enough field may produce the theoretical saturation. Second, it
is possible that there is anisotropy in the basal plane of the alloys so
that a larger magnetization may be found aicng a different crystalline
direction. This latter point has not been investigated. Third, it is
possible that part of the magnetic vector may be perpendicular to the

basal plane such that those components along the a-axis are parallel
aligned and tliose along the c-axis are antiparallel aligned. Thus the

* a-axis would behave like a ferroamagnet and the c-axis like an anti-

ferromagnet. Such behavior has been proposed for erbium (with the c-axis
as the-easy axis) by Koehler and Wollan (71) on the basis of neutron
diffraction studies. Green (72) has found evidence to support this

interpretation for erbium metal.

8Donald Strandburg and Sam Legvold, Ames, Iowa. Data obtained on
magnetization of holmium single crystals. Private Communication. 1960.
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In order to learn something concerning the demagnetization process
with the single crystals, entropy calculations have been made from the
magnetization curves as presented on the graphs of g versus T at
constant H (see Figures 11 and 13). The value of (%_‘7’_' at 1.25 %K
was determined for various H, then the entropy extraction during the
isothermal magnetization was computed from Equation 3. The entropy

extraction expected for an ideal paramagnetic during isothermal

magnetization was computed from the following relation:

J
éﬁﬁ = log(2d +1) - %[T log > exp('mg/‘BH/kTi}H . (26)

m==dJ

The numbers obtained from Equation 26 were multiplied by 0.0l for the 1.0
percent alloy and 0.006 for the 0.6 percent alloy. The electronic entropy
change from the initial to the final temperature during demagnetization
was calculated for each alloy from Equation 22. These numbers are

presented in Table 11, It is immediately apparent that these alloys

Table 11. Entropy changes encountered in magnetization and demagnetization
of the single crystal alloys.

Aley AS (ideal) AS (actual) ASey
R R ]
Ho-Y O. 6-99 o,.l. . Ow . 0016 . ow,-l»

Ho-Y 1.0-99.0 015 «0020 .0005
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behave far from ideally. The very low observed entropy extraction is a
consequence of the poor temperature variation of magnetization at constant
fields From this it would seem that interactions betwesn magnetic ions
are not negligible at 1.25 %K even though the magnetic susceptibility
data do not deviate from the Curie-Weiss law down to the lowest measured
temperatures. This is corroborated by the fact that the total entropy
extraction is considerably larger than the change in electronic entropy
which occurs during the cooling., Since the lattice entropy is negligible
at these temperatures (62), there must be a contribution to heat
capacity from magnetic ion interactions.

In conclusion it can be seen that the alloy systems investigated
are not useful alloys for adiabatic demagnetization. The magnetic
behavior of the alloys investigated are far from ideal at temperatures
even as high as 1.25 %K. Quite recently, Parks and ILittle (70) have
reported magnetic cooling experiments with thorium-rare earth alloys.
At a starting temperature of 0.73 YK and a magnetic field of 8 koe they
have succeeded in cooling alloys of various concentrations. They reached
0.1 °K with a 1.90 atomic percent dysprosium in thorium alloy. They
have reported entropy versus temperature data for the various alloys
However, they have computed the entropy from Equation 26 with a small
correction for the electronic entropy of tharium. Such a calculation
explicitly assumes that magnetic interactions are ‘n-eglig'ble at the
magnetization temperature (0.73 °K in this case). Their plots of entropy
versus temperature indicate that this is definitely not the case since

the slope of S versus T is too steep at 0.73 %K. Thus their entropy
calculations are open to question. It would appear that the alloys
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which they have studied exhibit the same peculiar properties as those
studied in this research; namely, that the magnetization curves fall
considerably below the ideal behavior of a paramagnetic substance.

The program which has been undertaken leaves some questions
unanswered which present areas for further study. No definite conclusions
were reached concerning the effect of the number of conduction electrons
on the Curie point of a dilute alloy. The holmium-ytterbium system was
only weakly paramagnetic down to 1.25 °K, whereas the ewropium-ytterbium
system was apparently ferromagnetic at 4.2 %K, This latter system would
be especially interesting to study, particularly because of the present
uncertain status concerning the magnetic properties of pure

europium.
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SUMMARY

The magnetic susceptibility of scme dilute alloys of rare earth
metals in ybttrium and ytterbium has been measured for temperatures
below 4.2 %K. Alloys of gadolinium in yttrium showed a maximum in the -
susceptibility characteristic of an antiferromagnetic transition at 3.4
°K for 1 percent gadolinium and probably near 0.8 °K for 0.3 percent
gadolinium., A similar anomaly was observed at l.3L %K for 1 percent
dysprosium in yttrium. Alloys of holmium in yttrium of 0.6 and 1.0
percent holmium showed no such anomaly down to 1.25 %K and 0.15 %K,
respsctively. An alloy of 1.25 percent holmium in ytterbium was only
weakly paramagnetic down to 1.25 °K whereas an 0.l percent europium
in ytterbium alloy was apparently ferromagnetic at 4.2 %K.

Magnetization measurements on single crystals of 0.6 percent and
1.0 percent holmium in yttrium alloys were made in the temperature
range 1.47 %K to L4.20 %K and in magnetic fields up to 11 koe.
Anisotropy was observed with the magnetization in the direction of the
a-axis being more than 5 times that in the direction of the c-axis. The
extrapolated saturation magnetizations in the a-direction were 2.9 and
1.8 emu/g for the 0.6 and 1.0 percent alloys, respectively, compared
with 3.8 and 6.3 emu/g, respectively, expected for ideal paramagnetic
behavior.

Adiabatic demagnetizations were performed on the 0.3 percent
gadolinium-yttrium alloy and the single crystals of 0.6 and 1.0 percent
holmium in yttrium ailoy .from a field of about 11 koe at 1.25 K. The
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lowest temperatures achieved were 0.83 °K, 0.81 °K, and 0.76 °K,
respectively. Entropy calculations based on the magnetization measure-
ments of the single crystals indicate that the entropy extracted during
magnetization is only about 15 percent of that expected from an ideal
paramagnetice The conclusion is drawn that there are rather large
magnetic interactions between solute ions at temperatures as high as

1.25 °K even though susceptibility measurements would not indicate this.
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