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ELECTRONIC STRUCTURE AND PROPERTIES OF MAGNETIC DEFECTS
IN CO(yyyy Alcq_yy AND FE(q o 8%, o ALLOYS

Daniel Abbé
University of Paris

Summary

The study of CoAl and FeAl compounds has been developed along
two directlons:
~on the one hand, it i1s shown that results on magnetic susceptibility
and specific heat at low temperature on (NiCo)Al and (CoFe)Al ternary
alloys are in good agreement with band calculations obtained by var-
ious authors;
-on the other hand, our results on magnetization and specific heat
under field at low temperature on non-stoichiometric compounds show
clearly the importance of the nearest neighbor effects. In case of
CoAl, the isolated cobalt atoms substituted to aluminum are char-
acteridzed by a Kondo behavior (Tk=x1.7 K) and for FeAl, the isclated
extra iron atoms are magnetic andpolarize the matrix. Moreover, for
the two compounds, clusters of higher order play a considerable part
in the magnetic properties: for CoAl, these clusters alsoc seem to be
characterized by a Kondo behavior (Tk=0.1 K); for FeAl, these clus-
ters, whose moment 18 higher than in the case of isolated atoms,
could be constituted of excess pairs of iron atoms.

Introduction

CoAl and FeAl are ordered isomorphic compounds of simple cub:c
structure of type B, isotypes of CsCL, miscible in any proportions.
These compounds havé largely been studied within the last few years,
the interest which they have aroused resulting principally from their
behavior on the plane of magnetic properties. These are indeed non-
magnetic when Ehey are stoichiometric. Very strong magnetic suscepti-
bilities (=10 ' uem/mole) are on the same order as for transition
metals. When we substitute extra transition atoms for aluminum atoms,
recent experiments demonstrate that these atoms surrounded by nearest
neighbors of the same nature are carriers of a moment, and that more-
over they polarize their immediate surroundings, The study of mag-
netic properties of extra atoms is thus of the same nature as the
study of an impurity in a transition metal,

This work presents a study of these standardized compounds which
was developed following two directions:
-study of the properties connected to the structure of bands of stoi-
chiometric compounds;

3
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-~study of the properties conncected to the magnetic behavior of the
extra transition atoms,

In both cases, our contribution includes measurements of speci-
fic heat at low temperature supported by measurements of magnetiza-
tion,

The experimental studies conducted on these compounds demon-
strates the quasi-permenent presence of defects of crystallographic
structure which, as we are going to see, have considerable signifi-
cance on the physical properties. It is, from this fact, very diffi-
cult to have precise data on the structure of bands, Nevertheless,
analysis of the specific heat and magnetic susceptibility results al-
low us to provide some data. Our study on ternary alloys Ni,_ _Co Al
and Fe _xCoxAl demonstrate that the results obtained for such & meth-
od are"well expalined from the structure of bands of TRAl compounds
(TR=Ni, Co, Fe) calculated by Connoly-Johnson [l] and Moruzzi-Wil-
liams~-Janak [27.

The pinpoint defects which occur in these compounds are either
from transition atoms by substitution on the aluminum sub-lattice or
from transition gaps. The presence of such defects has been clearly
demonstrated experimentally by jolnt measurements of lattice and den-
sity parameters [3] and [4). The existence of these defects can re-
sult in intrinsic discrdering, which primarily depends on the thermal
history of the sample, either from discrepancies in stoichiometry or
from both at once. The magnetic characteristics of extra transition
atoms are explained by the effects of local surroundings: the elec-
tronic sturcture at the level of a specific atom depends primarily on
the nature of its nearest neighbors, which principally is made to oc-
cur from interactions at short distance between atoms. TFor the CoAl
alloy, we have clearly demonstrated Kondo type behavior for the extra
isolated cobalt atoms. OQur measurements have demonstrated moreover
the particular behavior of higher order clusters, certain of which at
least appear to also have Kondo behavior. For FeAl alloys, the re-
sults are simpler: our measurements demonstrate the establishment of
gigantic moments around the iron atoms isolated by substitutiosu.
Analysis of our experimental results for this alloy do not exclude
the presence of higher order clusters, but the precision of our mea-
surements do not allow us to characterize them very precisely.

Chapter_1 Li

Experimental Technigues

In order to accomplish this work, we have used two techniques:
calerimetry at low temperature with and without field, and measure-~
ments of magnetization with weak and strong field, We will stress
most particularly in this section the installation for magnetization
in strong field which we have constructed. The other devices will be
described more concisely.



I.1. Calorimetry At Low Temperasture Without Field

For our measurements, we have used a calorimeter which covers a
range of temperatures goilng from approximagely 1.5°K to 18°K. This
apparatus can receive samples of several cm” in order to obtain good
precision on the measurements. We give in this section its descrip-
tion and the calibration method,.

T.1.A. Description (fipure 1)
‘ Figure 1, Diagram of principle
Avide$ ‘ :
! of calorimetry with field,
2
l1-Mechanical contact;2-Support screen;
R e 3~Ge probe;4-Thermocouple;5-Heating
q ferlimes o resistors;b6-Sample; 7-Screen; 8-Screw;
v I TR 9-Liquid helium,
L, gy
P I Ay
e e iaﬂﬂggm_wﬁﬂﬂgx_s Key: A-Vacuum
B e T 0 ?

It concerns an adiabatic calorimeter. The thermically isolated
sample is cooled beforehand to the temperature of the helium bath
through the intermediary of a mechanical contact. We measure the in-
crease of temperature (approximately 0,1°K) which produces a local-
ized energy flux with time.

The sample, thermometer, and heating device are interconnected
with a8 copper sample-holder. The sample is placed in thermal contact
with the sample-holder through the intermediary of a molybdenum screw
of low specific heat. This arrangement allows good reproducibility
of the calorific capacity of these accessories which it will be ne-
cessary to measure in order to obtain the specific heat of the sam-
ple.

The essential points for good functionning of the apparatus are
thus: thermal isolation, measurement of the temperature and energy

flux.

a) Thermal Isclation

The perturbation of heat fluxes on the sample correspond to
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three types of processes: ) gaseous convection and conduction, 3)
radiation, and y) solid conduction., It is thus a question of minimi-
zing them or compensating for them.

o) Gaseous Convection and Conduction

In order to overcome gaseous convection, it suffices to arrange
in a chamber whose water-tightness is very accurately ensured for the
portion submerged in the helium bath~the loss from leakage increases
very notably when the helium becomes superfluid, This chamber is
evacuated by an auxiliary pump equipped with a ldiquid Eétrogen trap,
which allows us to attain a vacuum of approximately 10 when the
calorimeter is at ambient temperature.,

g) Radiation

In the realm of temperature explored, transfers by radiation be-
tween the sample and its close surroundings are low. Only actually
of importance are the fluxes originating from the portions ut higher
temperatures or close to ambient., The calorimeter is equipped to
this end with a radiation trap which intercepts the flux originating
from the draining by pumping of the chamber.

Y) Conduction

We will distinguish the transfers which are produced with the
heated portions from those which are produced with the cooled por-
tions. Indeed, for these last, the thermal flux which depends on the
temperature of the sample produces ~“ifferent drifts before and after
heating., This effect thus affects the precision of the extrapola-
tions., In order to minimize the conduction originating from heated
portions, the measurement wires which descend the lengthof the drain-
ing by pumping are coiled on copper rods interconnected with the
radiation trap.

The measurement wires are then wound on a thermal mass whose
temperature is controlled in a fashion to maintain it at a value
very slightly lower than that of the sample, which allows us to com-
pensate for Lhe effects which could lead to heating of this, In or-
der to detect the deviation in temperature, we use a Ag-Aule differ-
ential thermocouple (sensitivity: 5yV/°K). A low noise amplifier
(0.01 V) allows us to obtain a signal of sufficient level in order
to be used by a regulation cable; this last sends a current into a
winding arranged on the thermal mass.

It is possible, by slightly lowering the temperature of the
thermal mass in relation to that of the sample, to compensate the
residual effects of conduction by measurement wires whose end is at
ambient temperature.




Tt is possible to adapt, on the thermal mass, a thermal screen
which even reduces transfers by convection or radiation between the
gsample and chamber, which is at the temperature of the bath.

b) Measurement of Temperature

If we seek s precision greater than 10"'2 on the measurements of
specific heat, it 1s necessary to be able to measure the increase of
temperature (=0.1°K associated with the hggt flux with the same pre-
cision, a precision of approximately 3:10 "°K on the measurement of
temperature. The method used is determination of the resistance of a
germanium probe attached on the sample-holilder, Germanium has been
preferred to carbon because it is insensitive to thermal cycling be-
tween the temperature of helium and ambient temperature, Calibration
vf the probe i1s thus made once for all of them. This calibration, if
it must be made by direct methods (determination of vapor pressures
of helium, or gas thermometer; was very delicate at the level of
precisionsought: it is necessary that the relative error on the
temperature be less than 0.5+10 °, The resistance of the probe is
measured by a standard potentiometric method (measurement of the
pressure of the limits of the probe, and at the limits of a sample
resistor mounted in series)., These measurements are made at a rela-
tively low level on a Hewlett-Packard digital voltmeter (precision:

2 uV) dn a fashion to reduce the current which travels through the
thermometer (beyond a certain level the dispersions produce a dif-
ference of temperature between the probe and sample).

¢) Production and Measurement of the Heating Flux

The heating winding, in constantan wire, is coiled on the sam-
ple holder. It is fed by a continuous 4V source., A resistor ar-
ranged in series allows us to vary the current and a 100 § shunt en-
sures the measurement of it. The measurement of pressure is ensured
by two wires connected to the end of the winding. The flux dissi-
pated is thus determined as the product of the current by the pres-
sure and by the heating time.

d) Cooling

. Cooling is carried out in two stages. On the one hand, cooling
with liquid nitrogen, then after having expelled the nitrogen, cool-
ing with helium. In order to bring the sample to the desired tem-
perature, we temporarily disrupt its thermal isolation by forming
the mechanical contact connecting the sample to the thermal mass.
This is permanently connected to the pieces in contact with the bath
by a braid and three colonnettes constituted by stainless steel
tubes of low thickness.

16



I.1.B. Calibration

Calibration of the thermometer is very delicate to accomplish
for the installations of measurement of speciggc heat. Indeed, in
order to commit a relative error less than 10 “ on the measurement
of specific heat, it is necessary that the calibration egror com-
mitted on the temperature did not vary more than 0,5:10 “°K between
two temperatures separated by 0,1°K (deviation of temperature asso-
ciated with the heating time) and that EQG relative error on the ab-
solute temperature 1s lower than 0.5:10 “°K, in order to obtain
this realm of precislon, the simplest method consists of using as
calibration measurement the measurement of specific heat of a sample
which 1s very well known. Calibration has been based principally
on nickel which possesses a high specific heat, which improves the
reproducibility. For this substance, the most precise and most re-
cent experimental dsta published to date are those of Dixon et al.
[5] reinterpreted by Bower et al, [6] and which lead to a specific

heat of the type:
Cayr+pr 341 2

a=0,029 mJ/KS/%pole
B =0,01848 mJ/fK mole
Y ~-7.024 mJ/Kmole

Unfortunatley, Dixon et al, limited themselves to temperatures
included between 1.2 and 4,2°K, while nickel can not furnish us with
calibration in the higher range of temperature (4.2-18°K). Another
calibration was necessary for these temperatures: we are making use
of the copper sample of the 1965 calorimetry conference [7].

These calibrations allow us to determine a function of thermo-
metric error ¢(9) where & 1s the measured temperature, and to thus
go up to the true specific heat C(®) for the temperature O through

the expression:
Creasured(#=C(I[1+4(6)]

I.2. Calorimetry Under Magnetic Field

A supplementary study by calorimetry under field was necessary
for certain of our alloys., We have used a calorimeter designed to
function with a supercoating coil furnishing magnetic fields attain-
ing 65 kOe., The solutionsto the problems which are posed by the
perfecting of this apparatus are identical (with some close varia-
tions to which we will return) to those of the calorimeter previ-
ously described. Other problems specificto the apparatus will be 17
developed in this paragrapfh: the self-sufficiency of the coil, the
problem of bulkiness connected to the low diameter of the coil, :he
magnetoresistance of the thermometers and the extraneous electro-
motive forces induced within the circuits of measurement of vibra-
tion within the field of the coil.




¢) Problem of Self-Sufficiency in Helium of the Coil

We have at first a compromise to make for the dimensions of the
current leads of the coil., If their cross-section is too low, they
casue evaporation of the heiium bath by Joule effect in the opposite
case, this by solid conducrion since the surroundings reheat the
bath. Hawever, the measurement at temperatures lower than 4,2°K
which, before the manipulation, require a preliminary pumping time
and placement of the sample in thermal equilibrium, must be carried
out in a simple phase, since new siphoning would produce resumption
of these operations. We have been induced to adopt the arrangement
represented in figure 2: the calorimeter is cooled by conduction,
by a small interior bath, with extremely reduced consumption since
all the walls which surround it are thermalized by the helium bath
of the coil. The measurement wires cross the interior bath, which
eliminates the problems of conduction from the surroundings.

Fignre 2, Diagram of the calorimeter under

i
b field,
R R
qﬂ.i:ir ! a-superconducting coill;b-interior bath;c~exterior
} |} 1, bath {coil);d-laboratory chamber,
L"L-":’o'r
'.';".‘.:f:q:, 4
i |W
A
it

. p—— :
Pl
X

e

8) Bulkiness

Since we have investigu.ted high fields with this apparatus,
which leads to reduced useful spaces (interior diamter of the coil
equal to 40 mm), we have omitted the screen, by compensating for
radiation and gaseous conductionoriginating from cooled portions
through modification of the discrepancy of temperature between the
gsample and the thermal mass of the screen, This last continues to
exist, and its temperature is reduced to that of the sample as we

described in I.1A (Y).
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v) Perturbation of Measurements by the Field

We have had to take .nto account displacement of the mcasurement
wires, particularly those of the thermocouple, screen regulation,
and thermometers, in the field of the coil, These displacements
would induce extraneous electromotive forces which we could reduce
by suspending the calorimeter by flexible connections and by adopt-
ing a stretched out arrangement for the sawuple-~holder. Despite
these precautions, there continued to exist unacceptable noise lev-
els on the screen regulation. We have been able to reduce them by
twisting the thermocouple and filtering the signal before amplifica-
tion,

Analogous effects occur within the thermometric circuits con-
nected to ambient noises of the laboratory, It has been possible to
neutralize them by selecting a sufficiently low operating £frequency
(20 Hz) for the detector of the measurement bridge of temperature
which in this apparatus functions in altaernating current.

§) Calibration

The effects of magnetoresistance under 55 kOe attained for ger-
manium have the value at 1.2 K: [AE=200%] [8]. This effect is not
R

reproducible since it depends on the relative orientation of the

pick-up and the field. We have thus preferred carbon thermometers

(Allen-Bradley resistors) which are clearly less sensitive [AE~107
R"' -]

with the same conditions) [9]. However, for these thermometers,
which are sensitive to thermal cycling between the surroundings and
low temperatures, it 1s necessary to proceed with caelibration after
each cooling. Fortunately, these thermometers not being sensit!-e
to thermal cyclings at low temperature, we have used the following
procedure:

1) Calibrations carried out on the sample of known specific heat,
independent of the magnetic field, have the function of determining
on the one hand the calibration errors in zero field of the german-
ium thermometer (same procedure as for the previously described cal-
orimeter), and on the other hand, the value as a function of the
field and the temperature of the coefficient of magnetouresistance of
the carbon thermometer. The standard which we have selected is zir-
conium [10]: +this non-magnetic material is currently manufactured
for the needs of the nuclear industry with a very good level ofzpur—
ity and offers a very high electronic specific heat (y=2.8 mJ/X
mole; B=7.88 mJ/K  mole).

2) At the start of each experiment, the two thermometers are com-
pared during the measurement of specific heat in zero field., The
experiments under field are made with the assistance of the carbon
thermometer, by making use of the values of the coefficient of mag-
netoresistance obtained from calibration meesurements which we as-
sume are reproducible.



I.3. Measuremwats of Magnetization

Measurements of magnetization as a function of temperature have
beeun cnrried out with the assistance of two types of apparstus; the
first 1ses medium fields (HK10 kOe), the second allows us to carry
out measurements under very intense fields (H=55 kOe).

I.3.A. Apparatus for Measurements Using Fields Lower than 10 kOe [11]

This apparatus allows us to macasure magnetizations by the
Curle-Faraday method, for fields lower than 10 kOe and for a range

of temperature included between 2 and 300°K.
tro-magnet, whose polar pleces have been cut

We use a Varian elec-
in fashion so that the

square gradlent of the field(ZHdH) i8 constant with a volume on the

3 dz

order of 1 cm™, It is thus not prssible to vary independently H and
dil. We verify, by displacing & sample following Oz, that the force

dz

is constant over approximaetelv 2 cm for a separation of polar pieces
of 362 mm (figure 3)., The characteristics of Hgﬂ are given on the

aame figure.
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Figure 3, Variation of Hgﬂ with
dz

Key: 1-Electromagnet;2-Sample.

the side z.

The force sustained by the sample 1s measured with the assist-
ance of an electronic microbalance (Sartorius type) which allows us

to measure under vacuum variations of weight

of 1 microgram with a

maxiumu load of 2 g, The functional principle of this balance is
the following: the Leam is interconnected with a coil B, placed in

the clearance of a permanent magnetization.

Two coails B2 and B3



very close to B, and run through by a high frequency current served
by detectors of imbalance, this being translated by a variation of
impedance, This signal i3 transmitted to an electronic assembly
which sends the current I into B,, inducing an intense toryus and
reestablishing the balance. The current I 1s proportivnai %o the
force inducing the imbalance, We can then directly read the appar-
ent weight of the sample on an amperemeter graduated in pg. This
is summarized by block diagram 4.

s ' Figure 4., Diagram of the
VY F HASN SN
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BE Ly
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The cryostat (helium-nitrogen) used is a whetstone cryostat
(figure 5), the volume of liquid nitrogen in the whetsone has been
replaced by a copper screen. Finally a regulation cable serves to
obtain the intermediate temperatures between the fixed points (li-
quid helivm: 4.2°K; 1liquid nitrogen: 77°K, and ambient tempera-
ture). This regulation is obtained by heating of a constantan wind-
ing (R =1 Kn). The power dispensed is reduced to the temperature
reading through the intermediary of a cable including a MECI recor-
da2r and a proportional-integral-differential servo-control.

This apparatus, being easy to use and having a low :zonsumption
of cryogenic liquids has allowed us to rapidly accomplish the mea-
surements for T>20°K, and the preliminary stages of the measurements
for T<20°K.
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- Figure 5. Diagram of the cryo-
- stat of the apparatus in weak field.

— ; Key: 1-Suspension wire;2-Copper
I 92 tieon v screen;3-Balance tube;4-Sample;5-
Heating;6-Vacuum;7~Thermocouple.
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I1.3.B, Apparatus for Magnetization Measurements Under Fields H<55
kOe

This apparatus allows us to measure magnetization by the Curie-
Faraday method for fields furnished by a superconducting coil going
up to 55 kOe and from temperatures included between 1.6 and 20°K.
In this paragraph, we first describe the characteristics of coils
producing the field and the field gradient, then we give a technical
description of the apparatus and its different accessories (balance,
cryostats, temperature regulation device, ...) and finally, we end
with the different calibrations,

- a) Superconducting Coil

In contrasti to the apparatus in weak field, the magnetic field
and the field gradient are furnished here by independent coils.
This arrangement allows us in particular to preserve sufficient sen-
sitivity in the measurements with weak field.

The assembly of superconductor elements has been designed in a
fasihion to occupy a reduced volume in order to have, on the one
hand, low consumption of cryogenic liquids, and on the other hand, a
suspension wire for the sample of reasonable length (=125 mm). The
wirdings have been constructed with a Nbo,éTiO.4 multistrand super-

conductor wire £ ¢=0,375 mm).
11



¢) Limitations

It is to be [eared that the coll does not relay during thez man-
ipulation, that is t:0o say that it is no longer superconducting.
This phenomenon can lead to complete destruction of the coil if at
one point the superconductor substance returns to normal. It then
produces local overheating, which propagates itself step by step,
the assembly of the coil transits into an avalanche pehnomenon, and
the totality of accumulated energy (approximately 3KJ) is dissipated
in a very short time, producing immediate deterioration of the coil
if no safety device is provided.

This change of state can be due either to an increase of tem-
perature, as we are going to see, or to modification of the magnetic
field. Indeed, a sufficiently strong magnetic field has the effect
of destroying the superconductivity. The threshold, or critical
value, of the magnetic field is a function of the temperature. At
the critical temperature, the critical field is zero. The variation
of the critical field as a function of temperature is represented in
figure 6 for several superconductor elements [12]. These threshold
curves separate the superconductor state, at lower left, from the
normal state (at upper right). We will give in paragraph § the cal-
culation of the critical intensity connected to the critical field.
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Figure 6. Curves of threshold of critical field.
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Other parameters can lead to relay of the coil, particularly
electrcdynamic stresses. Unddr the influence of these stresses, the
spirals can displace individually in a fashion to minimize the elec-
tromagentic energy of the system. The excess of energy in relation
to the initial situation induces local elevation of temperature
which leads to change of state of the material,

B) Technical Characteristics

The geometry of the coil of principel field must create a mag-
netic field such that the center of the coil is in a position of
stable equilibrium for a paramagnetic sample (If indeed the sample
came to press against the walls of the coil, friction forces would
render measurements impossible), For these we use a coil composed
of two half-colls and separated by a distance e (figure 7). The
field then offers a minimum along the axis of the coil to the cen-
tral point, thus a maximum radially (the buckling being zero: ap-
pendix 2) (figure 8) [The calculations of H have been carried out on
the computer following standard methods (H. Zijlstra: '"Measurements
of magnetic quantities", Wiley-New York). These calculations and
the plan of the coil have been furnished to us by the Electronic
Structure of Solids Laboratory of the University of Strasbhourg].

Figure 7, Diagram of the super-
conducting coil.

| Key: 1-Gradient coil;2-Principal coil.
|
|
Babine d3 |
gradient 1
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Great regularity in the winding 1s required in order Lo ensure
that the field gradient only provides gradient colls and not a de-
fect of construction of the principal coil.

Muoreover, we have been devoted to constructing a coil having
the greatest compactness possible in order to avold that it does not
relay at the time of placement under pressure, the spirals being
able to displace themselves under the influence of electrodynamic
stresses., This regularity is indispensable 1f we want to obtain
intense fields,

Although, we have retained a safety margin of approximately 207 /13
on the max.mum intensity of the field coill, we have introduced a
system designed to protect the coil from effects of possible relays.
For this, the two half-coils have been enclosed in a Wheatsone
bridge, as well as two 100 2 resistors, Once the pressure at the
boundaries of one or another arm of the bridge, constituted by an
assembly: half-coil 100 Q resistor, exceeds 5 mV, an electronic
system cuts the supply to the field coil. This system includes a
pressure amplifier which actuates the relays cutting the supply to
the coil once a relay effect is detected. The energy of the coil is
relecased into a discharge resistor placed in parallel with the coil
(diagram 9).

Lo L0 , 12
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.- sard 5 1o Zmm

[P

Figure 8. Variation of the principél field on the
0z axis of the superconducting coil.
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Key: 1-Coil;2-Discharge resistor;3-Supply;4-Relays,
S-Ampldifier.

¥) Gradient Coils

The field gradient is produced by two antiparallel coils situ-
ated on the z axis, on both sides of the principal coil (figure 7).
The gradient calculated at :the center can vary from 0 to 235 Oe/ecm
for currents comprised between 0 and 20 amperes.

§) Performances

Dimensions

The field coil includes 12000 spirals. The gradient coil,
twisted in opposition, include the same number of spirals (210).

Determination of the Functional Limit Point

We arrange for the superconductor material of the function f=
g(H) (figure 10) which gives the maximum current travelling through
the wire considered in the presence of a magnetic field H without
producing return to the normal state. This function is furnished
by the manufacturer, and it is desirable to remain considerably be-~
low this limit, very optimistically.

We can therefore calcualte the field at the interior of the
solenoid at a point of the axis situated at the distance x from the

center [13]:

15
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Key: 1l-Intensity din A;2-Critical JIntensity;3-Load line;4-Criti-
cal field;5-Field in KG.
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with 1: half-length rz=b2+(1_z)2 si=b2+(1+z)2
a: dinternal radius 2. 2 2 2
b: external radius ry=a"+(l+z) sy=a +(1+z)

If n represents the number of turns in cm and if all the lengths
are expressed in cm, Hoz will be expressed in Oersteds.

At the center of the solenoid, this expression becomes:

Ho 4mni 1 Lop2tEa

2710 a-b Ogb+si
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In our case, for i=1 A, we have: Hoz=1945 KOQe.

If we report this value of H in the relationship i=£(H), we de-
termine the critical intensity which it 1s desirable not to exceed,
We discover i=36 A for n=12000 (figure 10)., We will be limited to
i=26,5 A, with a maximum field of approximately 55 kOe.

The inductance coill is on the order of 6 Henrys, thus allowing

us to attain the maximum field in epproximately one minute for a
pressure rise of 1 V,

e) Use of the Coil

After winding, the spirals of the coil are not always in the
most stable equilibrium position. In order to avoid the relay ef-
fects due to displacement of the spirals, we construct a series of
relays for more and more intense currents so that the system gradu-
ally assumes a more stable position. Thus, starting from an inten-
sity close to zero, we can attain the intensity for use without risk
of deteriorating the superconducting coil (training phenomenon).

b) Technical Description of the Apparatus

@) Measurement of the Force

We use a "Sartorius" electronic balance allowing us to mea-
" sure under vacuum variations of weight of 1 microgram with a maximum
lofad of 2 g (see description in paragraph A).

B)Y Crvostat and its Accessories (Figure 11)

The measurements are carried out in a range of temperatures
included between 1.6 and 20°K., We attain for the sample the tempera-
ture of the helium bath (4.2°K) By injecting exchange gas (gaseous
helium) under low pressure (=10~ Torr) into chambers A and B (we
select & low pressure in a fashion to reduce the heat influx due to
convection or gaseous conduction). A lower temperature is attained
by pumping over the helium bath (1.6°K).

In order to decrease overheating by radiation from the liquid
helium bath, we have placed screens which seive to reflect the ener-
gy originating from the top of the installation, but also to ensure
good use of the negative kilocalories originating from the evapo-
rated helium, particularly during cooling of the installation.

In order to limit solid conduction, the crgss—section of mea-
surement wires is veduced to a minimum ($=5/100" mm). These wires,
as well as those of the supply of the principal coil and gradient
coils, are either directly in contact with the helium bath, or in-
directly through the intermediary of exchange gas. It is notable
that chambers A and B .are constituted of stainless steel tubes of
very low thickness. :

17
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1-Balance plate; 2-Bellows; 3-Plate D; 4-Plate C; 5-Stainless

steel tube A; 6-Watertight joint; 7-Installation plate;

ring; 9-Cryostat 1; 10-Cryostat 2; 11-Siphon;

12-Screen;

8-Clamping
13-Chamber B;

14-Chamber A; 15-Copper tube; 16~Superconducting coil; 17-Pumping.
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Y) Temperature Regulation

Temperature regulation is ensured on the one hand by the inter-
medliate chamber B situated between experimental chamber A and the
helium bath; this conteins gaseous helium whose pressure can be ad-
justed ir a fashion to ensure variable influx of negative kilocal-
ories originating from the bath; on the other hand, through a heat-
ing coil, of constantan wire of 0.05 mm diameter, two-threaded coil
on chamber A. This last is controlled by an electronic regulation
device. This device limits the heating power to the temperature of
a thernocouple close to the saemple through the intermediary of a
cable constituted of an MECI recorder and a proportional-integral~
differential regulator,

The Au-Fe-Chromel thermocouple, whose sensitivity is approxi-
mately 18 WV per degree in the temperature interval 4,2-20°K, is
wound on chamber A, This system allows us to regulate the tempera-
ture to nearly 0.2 degree between 4.2 and 20°K,

We observe that the measurement of temperature here is delicate.
Indeed, it is not a question of measuring the temperature on the
sample itself, which would imply contact, thus an error in the mea-
surement of the force. We have thus wound the thermocouple on cham-
ber A by replacing, at the level of the sample, the stainless steel
tube by a copper tube., This tube allows at the same time a good
distribution of the heat furnished by the heasting winding.

) Problems of Vibrations and Positionning of the Sample in Relation

to the Coil

The sensitivity of the balance induces us to provide a system
which allows us to eliminate vibrations (pumps, ground, ...). For
this, the whole installation is conncected to a massive plate (C)
which itself is suspended by flexible bonds to the installation
framework. This device allows us teo elinminate low frequencies |
(less than 4 Hz) which are at the origin of all perturbatory vibra-
tions.

Moreover, it has been necessary to provide adjustment of posi-
tionning of the sample in relation to the center of the coil and to
its axis. In order to carry out the first adjustment, we have
mounted the balance plate on four screws in order to have vertical
displacement of the sample. The second adjustment is more delicate
a priori, since the sample is suspended by a very fine copper wire
of approximately 125 mm length, and as we have seen, it is important
to place the sample within the axis of the coil. We have been in-
duced to place the balance plate on an intermediate plate (D) which
supports the mounting assembly and which rests by three screws on
the plate (C). This device allows very precise adjustment of the
sample in relation to the axis of the coil.

19



¢) Calibration

Calibration of this apparatus includes two perts: callbration
of the force which will be described in paragraph ¢ and that of tem-
perature which will appear in paragraph 8. Finally, we will intro-
duce in the last part the correction which we must apply to our
measurements,

¢) Calibration of the Force

The forces which we measure are conneected to the magnetiza-~
tion M by F=mMdH (m: mass of the sample). If M=xH (X: magnetic -
: ‘ dz
susceptibility), the preceding expression becomes F=m¥HdH. We de-
termine on the one hand the product HdH by measurement dz of sus-
dz dH
ceptibility and on the other hand the field gradient dz.

The first measurement is obtained by comparison with a sample
of supposedly known susceptibility, Unfortunatley, even for very
pure substances, the dispersion of results in the literature is such
that we can not hope to reduce the imprecision below 1% on the abso-
lute values of susceptibility, Finally, we have selected vanadium
as a standard [14].

If we designate by the index e the quantities relative to the
standard, the force measured for a same value of HdH and for a sam-

dz
ple of unknown susceptibility is given by the expression:
Fa? MY
efle Xe
£ Mg Xe
Since x=Am, with A=—g—, which is a known constant. Knowledge
e dH
of A thus allows us to attain the product Hdz.
dH

Determination of dz can be obtained by two methods:
-from the product HdH and the calculated value of H (curve 12)(We
dz
will note that there exists limits to the linearity on this figure
Incumbent with non-knowledge of the magnetic field of the principal
coil. In order to determine the field, we have arbitrarily relied
on the maximum calculated value of the field and we have deduced
from it the actual values of the field at the interior of the coil,.
The fact of selecting H cal, introduced only an indefinteless on
the order of 1% on the Magnetization value).
-or from a measurement on an easily saturatable substance (gadolin-
ium or iron sulfate) for which we know the magnetization value at
saturation. The force measured can then be shown in the form:
dH

F=Ms tdz

a

20



R) Calibration of Temperature

We have used the same thermocouple as for the installation of
susceptibility at weak field. This has been calibrated with gado-
linium sulfate powder which perfectly follows a Curie law Xx=C/T up
to 1°K, Investigation of XT' as a function of T', where T' is the
measured temperature, allows us to know the error AT=T'~T. This is
low near fixed polnts (AT=%0,2°) but reaches 20°K toward 150-200°K,
We have taken into account this discrepancy which is reproducilble
1f the conditions of pressure within the laboratory chamber are con-
stant. For temperatures less than 4,2°K, we measure the pressure on
the helium bath which gives the temperature at the level of the sam-
ple.

Loual. ,’

1y en]H 4

Il s Y L s i 5001 :

Figure 12, Vanadium calibration.
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Y) Correction Due to Sample~lHolder

The sample, rn the order of a mg, is placed into a capsule of
approximately 0.06 g which is suspended by a copper wire of 0,05 mm
diameter to the beam of the balance. The assembly being relatively
light, we have been induced to use a weight to tighten the wire,

Qur selection rested on a copper tare, a material whose magnetic
properties are well known, If we take the precaution of well dessi-
cating the capsules under vacuum, the measurements of susceptibility
made on the assembly: copper~capsule-wire, demonstrate that this has
a reproducible diamagnetism little dependent on temperature, which

we have taken into account 1n our measurements.

I.4, Preparation of NiAl, CoAl, FeAl Alloys and Ternary Compounds
(NiCo)Al and (CoFe)il

Qur study relates to monophasic and homogeneous alloys. All
the samples have been prepared by arc fusion under argon atmosphere
then by high frequency furnace fusion in aluminum oxide crucible,
The different alloys have then undergone different thermal treat-
ments according to their degree of hompgenlzation, We describe in
this paragraph the different stages of production of these com-
pounds.

a) NiAl Alloys

We have used "Mond" nickel (99.97%) whose impurities are (ppm
by weight): 113 of carbon, 110 wr iron, 13 of cnpper, and 15 of sul-
fur, Arc fusion of the nickel-aluminum assemblage (99.9977 purity)
has then been accomplished under approximately one atmosphere of ar~
goﬂ.

) CoAl Alloys (Figure 13)

These alloys have been obtained from aluminum sheet metals and
"Ugine-Kuhklmann™ cobalt granules with 99,7% purity whose principal
impurities are nickel (0.18%) and iron (0.09%). These granules have
been melted by electronic bombardment in order to eliminate impuri~
tlies and imprisonned gases. The alloy thus divided undergoes two
arc fusions on copper base plate and under argon atmosphere. We
verify the homogeneity of the alloy obtailned through measurements of
magnetic susceptibility on various amounts of the same sample. Ac-
cording to the result, we may or may not carry out an additional
fusion in high frequency furnace in an aluminum oxide crucible un-
der argon atmosphere.

v) FeAl Alloys (Figure 14)

The alloys have been prepared from aluminum sheet metal and
"Ores and Metals" iron with 99,937 purity (mangsnese 0,03%, carbon
0.03%).
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Figure 13. Phase diagram of CoAl,

In order to obtain an alloy in which the iron concentration on
the aluminum sites is the lowest possible, it would have been desir-
able to provide an excess of aluminum. But this has been in part
prohibited due to the fact of the low extension teward aluminum of
the realm of existence of the FeAl compound. For the same reasons,
we have been forced to guard against major segregation which occur
through the appearance of a second phase rich in aluminum (phase Z)
and which are connected to the particular topology of the diagram.
Indeed, with the difference from NiAl and CoAl, FeAl does not give
congruent fusion at a slightly higher fusion temperature and slight-
ly different from the temperature of of appearance of the phases more
concentrated in aluminum (phases € and {). After arc fusion and
high frequency furnace fusion, these samples have received reheating
for homogenization for 135 h at 900°C. According to the heterogen-
elty obtained after micrography, we carry out a new seriles of re-
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Figure 14, Phase diagram of FeAl.

heatings extending from 2 to 4 days for a temperature comprised be-
tween 1100 and 1200°C. In order to vary the iron concentration on

the aluminum sites, certain of these samples have undergone temper-
ing from variable temperatures.

6) Ternary Compounds (NiCo)Al, (CoFe)Al

Besides, we have undertaken the manufacture of alloys of
(Nil_xCox)1+yﬁll_y and (Col-xFex)1+xAll-y with x varying from O to 1

and y very near zero for lower values (y*~0.01). These compounds
have undergone the same treatments es the preceding alloys, with for
the alloys rich in iron precautions analogous to those which we have
described for FeAl. JFor these last, in case of heterogeneity re-

vealed by microprobe, reheatings from 2 to 4 days at 1300°C hsve
been carried out.
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Appendix 1. Significance of Axial Centering

At the centerof the coil, the Maxwell expressions expressing
the con ervation of flux and the Ampere theory become:

- E—
, div B=0 and rot B=0 (no current)

witere rot (rot ﬁ)nﬁ. This implies vzﬁao (1) (in vacuum V2ﬁ=0).

If the field given by the coil is following z (the components
following x and y will be negligible) expression (1) becomes:

BZHz,Bsz,Bzﬂz
ox dy oz 9
0°Hz
At the center of the coil, Hz i3 maximu., thus 2 is nega-

tive. So that expression (2) is moderate, it is necesgary that

BZHz and a2Hz is poesitive., That is to say that we will have a min-

3x2 3y2
2, 2.1/2
imum as a function of r=(x"+y") . For a paramagnetic sample, the

central point of the coil is in an unstable position radially and
the sample will have a tendency to adhere agailinst the walls.

In order to avoid this disadvantage, we remove some spirals
in the coil at the level of the sample. With these conditions, Hz
is minimum at the center and we will have this time¢ a maximum fol-
lowing r. The axial position is then a position of stable equili-
brium.

Chapter IT,

Structure of Bands of Transition Metals and TRAl Intermetallic
Compounds (TR=Ni, Co, Fe)

We will concern ourselves in this chapter with the structure
of bands of stoichiometric TRALl intermetallic compounds (TR=Ni, Co,
Fe). After a report on the model for bands of transition metals
(paragraph 1), we give two theoretical descriptions of calculations
for hands (rigid bands, approximation of the cohe' ent potential)
for concentrated alloys (paragraph 2). Finally in paragraph 3 we
summarize and discuss several calculations for bands on the TRAL
compounds defined (TR=Ni, Co, Fe), before testing in 4 the studies
which we have accomplished op the proerties connected te Lhe struc-
ture of bands of these compounds.
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IT.1 Model of Bands of Transition Metals

IT.1.A. Non-Magnetic Metals: Model With One Electron

Transition atoms are characterized by the existence of nd layers
which are progressively filled when the atomic number increases.
These d states have very different properties from those of other val-
ence states ((n+l)s) (figures 15 and 16).
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electron density oscillates strongly in the region where the 3d layer
has its maximum (orthogonalization),
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Figure 16. Size of "d" bands for transition metals (after [17]).
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a) The d orbitals are of low extent (~0.5 &) in comparison with
those of the s electrons. The d layers present their maximum of elec-
tron density in a reglon where the potential of the lattice is strong-
ly attractive: they are thus very stable.

b) When we increase the atomic number through a same series (Ti+
Ni), the potential becomes more and more attractive such that the d
layers become more and more stable, while their extent becomes lower
and lower,

¢) When we shift from one series to another (Ni+Pd+Pt) the num-
ber of modes increases such that the wave functions become more and
more extensive and less end less stable.

When the atoms are placed in contact to form a solid, the atomic
vave functions partially recover: there can be citiculation of an
electron from one atom to another, the atumic orbitals cease to be of
natural soid states, We can form new natural states by linear com-
binations of atomic orbitals centered on all the lattice sites.

When we neglect the mixture of s and d states, the solid can be
described with the simplified Mott-Slater model [15] [16] by two bands
of different symmetry overlapping at the Fermi level (figure 17):
~the s band whuse size is comparable to that of normal metals (on the
order of 10 eV);
~-the d bands, much narrower (3 to 6 eV), because they are constructed
from more compact atomic orbitals, thus with greater overlap than s
orbitals [17] (figure 14).

~ed Figure 17. Density of states

per unit of energy n{e) for a tran-
nd sition metal.

f tnel) §
f

In the theoretical calculations, the s and d bands are often
treated independently. The s bands are treated with the approxima-
tiorn of nearby free electrons or by orthogonalized planar waves (OPW),
while the d bands are treated by strong bands [18] [19] [20] or by
KKR or APW. The calculations made with the approximation of planar
waves increased, demonstrating that the s-d hybridization only affects
localized regions of the rec