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ABSTRACT

The magnetic susceptibility of some dilute alloys was measured betwecn
2 and 300°K by a force method. The main part of the work was on 0.1 at %
solutions of Cry; Mn, Fe or Co in the 7, € and Y -phases of the copper-zinc
system. The results show a striking variatiocn of the atomic moment per
solute atom with composition of the matrix. Mn carries a2 moment in all
these phases. This moment variecs strongly with Cu-Zn ratio in the € ~phasec,
but less strongly in the Y-phase where the value is surprisingly small
(about 1uB per atom). Fe is not magnetized in either Zn or the Zn-rich end
of the €~phasej but at the Cu-rich end of this phase the moment is about 1.5uB.
The solutions of Co in the Y=-phase have a temperature~independent susceptibi-
lity, but for Cf dissclved in this matrix a small moment is observed. Co and
Cr in the Y =~phase give mcments of =bout 1.2uB. A survey is made of rccent
theoretical models for alloys ond the results of this investigation
cempared with these.

Measurements were also made on solutions of Fe in Mo, Rh and Ir, the
results of which can not be easily interpreted in terms of any oxisting

theory.
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8.

INTRODUCTION

It was shown by Jones1 in 1953 that the valency of a transition
metal in solid soluticn can be expocted to vary with the electron
concentration in the conduction band of the solvent. Coles2 then pointed
out that experimental data which can be interpreted rather directly in
terms of these ideas aro the megnetic properties of dilute solutions of
a transition metal. In the last ten years a large amount of work has
been dono on the electrical and magnetic properties of these solutions,
mainly with a noble metal as solvent. In all the alloys investigated,
anomalies in these propertics were observed. The results also show that
the statc of the solute is strongly dependent on the electronic structure
of the golvent. Theorctical models have bacn developed which describe
some of the observed anomalies qualitatively but no complete interpretation
of tho exporimental data has been given.

it seems likely that somo information about the factors which
determine the stato of a solute atom cen be obtained from measurcements on
solutions of a given transition metal in a binary alloy system in which
the ratio of the two components is varied in sme2ll steps. A system with
a large range of solid solutions in which small amounts of some transition
metals are expected to dissolve is the Cu-Zn system.

In this work measurements have been made of the magnotic susceptibility
of termary solutions of O.1at % of a transition metal of the first long

pericd in7, & and¥ -phase Cu=~Zu alloys to investigate the correlation
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between the magnetic bebaviour of the solute amd the properties of the
matrix. Also measured was the susceptibility of some dilute alloys of

two transition metals for which ancmalies in the electrical resistivity

have been reported.



CHAPTER I 10.

THE THEORY OF DILUTE SOLID SQLUTIONS

Section A. Impurity States

8.1 Introduction

A dilute metallic solid solution of a solute B in a solvent A is
a homogeneous mixture of the two metals which has the crystal structure
of the solvent metal and in which the concentration of B atoms is low enough
for mutual interactions between these atoms to be weak,.

If an atom B is brought into the lattice, the one-eclectron wave
functions of its ocuter electrons will overlap and interact with those of the
band states of the host lattice. The cnergy levels and wave functions of
these outor electrons will now be different from those of the corresponding
states in the puroc B lattice. It can be expected that the electronic
structure of these states will be different for different solvents. On
the other hand the impurity atom will perturdb the periodic potential of
the lattice and modify the structure of the Bloch states. In transition
metals of the first long period the ocuter electrons are those in 3d and 4s
states, the lower lying states will remain tightly bound to the nucleus and
rescmble those on free atoms. Because the 31 electrons are responsible for
the magnetic properties of these pure metals, it can be expected that in
alloys the meagnetic moment per atom of solute and any coupling betwecn
these moments depends on the electronic structure of the host lattice, as
is found from experiments. Qualitatively, three different ways of

describing the effect of sclutc atoms on the band structure of the matrix can
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be distinguished.

Consider an alloy of two elements of the first transition group
and assume that a solute atom, on entering the lattice contributes all
ite 3d and 4s electrons to the bands The effect of the alloying process
will be, epart from a change in the total number of electrons, an increase
in the positive charge at some of the lattice points. The question is
then how the extra charge will be screened. If this perturbation is small,
the band structure will be deformed in such a way that around the impurity
site the charge density is modified and scrcens the perturbing potential.
In this case the 2lloy retains a common band structure. 4 second
possibility is that the perturbing potential is strong enough to hold a
bound state which is then subtracted from the band. Finally, there ig, for
intermediate values of the perturbing potential, the possibility of =
virtual bound state, which is mainly localised in a certain volume around
the impurity site without being a proper bound state.

These three models will be discussed in the following paragraphs.

8.2  The Band Model

If the perturbation is small the lattice potential can be written
as the sum of the unperturbed periodic potential and a perturbing term
3

Vp y Which is localised at the impurity site”. The change in energy of a

. . * 3
Bloch sta‘beglls s due to Vp is to first order AE = [SIIE (x) VP Sl’E(r) d°z
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If k is not too near a Brillouin zonc boundary ¢ kzlllo o ez

and
AR =f. sllo(_z_-) Vﬁ”o (z) d3_g s i.e. independent of 5-: This means that the
energy of every state will be shifted by the same amount AE, so that
the shape of the density of state vs cnergy curve will remain unchanged.
The relation N(E) = NO(E + OB will hold depending on the sign of the
perturbation. Here N(E) is the density of states for the alloy, NO(E)
that for the pure solvent. The results of this description remain
qualitatively the same if N(E) = N (E + OE) where N:)(E) is a function
slightly different from NO(E) s the difference being the result of the
alloying process. |

The introduction c¢f the impurity potential will also cause a
redistribution of charge in space. It is convenient to define the density
P(E,_:g) as the number of electrons with energy below energy E per unit volume
at position r. If the rigid band model holds A(E,r) =P  (E- Vp,r) where
Po is the density for the pure solvent. The potential Vp at the impurity
site is related to the resultant screcening charge density by Poissons
equation4: Avp = =4iTelp = 41re2{ p(EF,) - 2% (EF)I}, where E is the Fermi-

energy. This leads to the equation Vp = E e s s where r 2= L

2
41me"N(Ey)
From this result it is clear that a high density of Bloch states at the
Fermi level is essential for effective screening. A typical value of
N(EF) for a transition metal is 1 state per eV per atom which gives a

o)
soreening radius rsgjj A, in this case the perturbing potential will be

screened within the impurity atom.
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The depcendence of the saturationmagnetization on alloy composition

of the binary alloys systems Ni-Fe, Ni~Co and Fe-Co (see Fig I) can be

explained on the common band model3
B0 e e anin e < i S S
P 9 ¢ Fe-v
§ 4+ Fe-Cr
g{’ 2.5 ps o [fe-léi
v 42 Iy o Fe~-Co
5 gf”°‘<ﬁ\\b o Ni-Co
2.0 j_{j [y & Ni-Cuw
5 /éf ﬁn§§< v Ni-2Zn
© s Y %, v Ni-v
P ARG // ) © Ni-Cr
. ///‘ L © Ni-Mn
{’ 1.0 Y AU, S—— . (AN & Co-Cr
6 ' ' L{&\ 0 Co-Mn
2 A X PURE
. -‘gfo.s }_\7 }/‘,({O/ Wi METALS
: _ 7|,
< o // ’/// o L,
cr T iR Fe ¢ Co Ny Cu
6 fig.1 1 8 9 10 I

ELECTRON CONCENTRATION, C

Assume a 3d band as in Fig.2a, decoupled into two parts for different

spin states. If an impurity is dissolved, j NIE]

the perturbing potential, i.c. the cxcoss FIG. 24 T \J
nuclear charge 2 will be screencd by \\\ 1\\
the part of the band with the highost value Er

of N(EF), in this case that for spin down states. If the screcning
radius is small, the moment at an impurity site will be the moment on a
matrix atom 'rq" minus ZpB s While (N, remains unchanged,

Neutron diffraction measuremontss show that in Ni-Fe, Fe-Mn, Ni-Co
and Fo-Co an atomic magnetic moment is localized at a lattice site.; This
does not necessarily mean that the charge density is also localized nor

that a band model is the only explanation possible but the results are
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consigtent with the common band picture. The transition metals of the 4th
and 5th period do not show ferromsgnotism and an analysis as for the alloys
of elements of the first transition group can not be given. It seems
however likely that in general a picture as given above will be justified for
alloys of elements with a difference in atomic number of one or possibly two
unitse.

The common band picture has been applied mainly to alloys of non-
transition elements. Many binary alloy systems of Cu and Ag with different
elements of the IIB, IIIB and IVB sub group have similar phase diagrams.

The values of the average number of conduction electrons per atom E at which
a given phase boundary occurs in different systems lie close together. That
the ratio E is an essential parameter in the description of these alloys

indicates that the band model is applicable here.

8.3 Bound Impurity States.

A different situation arises if the potential Vp, defined in the
previous paragraph is increased so that a bound state can exist, Slater amd
Kbgterﬁ made a calculation for a simple cubic lattice, containing an
impurity potential at one site, and showed, that the potential, if larger
than a certain critical value, will remove a bound state, having a wave

—-ar
function of the form

s from the top or the bottom of the band,
depending on the sign of the perturbation. For values of Vp smaller than
the critical value the energy levels of the band were found to remain almost

unperturbed.
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If the screening of the impurity is done by electrons in bound states,
it can be expected that the screening radius will be small.

The variation of the Saturation magnetization of Co~Mn, Co~Cr, Ni-Mn,
Ni=~Cr and NieV (see Fig.1) with alloy eomposition was described by F‘riedel3
in the following way.

Assume a 3d~band split into two parts corresponding to different spin
statess The solute perturbs the lattice potential strongly, and a bound

state is removed from the top of the full sub-band to an energy above the

Fermi~surface of the alloy (Fig.2.b). This state is five~fold degencrate

R ———

NIE| and five electrons will make a transition
ISRV : from a spin-up state, mainly to the other 3d
\\\\P\ ' ‘ sub-band., Neutron diffraction experiments8

' Er for Co-Cr, Ni-Cr and Ni-V show that the

FIG 2b

_ presence of the Cr or V atoms affects the

moment at neighbouring Co or Ni sites, consequently the bound state must

extend over a rather large volume.

8.4 The Virtual Bound State.

ae General remarks.

Between the two extremes of a weak perturbing potential which causes
a shift of the density of states curve and a strong one which pushes a
bound state out of the ccllective band an intermediate gituation is possible,
the virtual bound state9 which, although not being a proper bound state,

is localized in energy and space. The concept can be introduced from the
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consideration of the scattering of an electron by a spherically symmetric
potential., The wave equation for a particle with angular momentum 1 in

such a potential is

2 a%x 1(1+1)8°
- —— 2+{Vr+——-2——}X=EX,
2m dr 2mr
x (z)
the wave function for the particle is Y(r,9,9) = R(r) y(9, @) and R(r) = -
V(r) is assumed to be a localized potential, V(r) = O for r>a. The
angular mementum term -h2 1( l+12 can be seen as an additional petential

Omy®
energy. If the potential V(r) is not strong enough to contain a bound

2
state, the effective potential v(r) + A 1(l+] can have the form as in

2mr2
Fig.3a, with a potential barrierat r=a.
| /\ a- In general, the wave function of an
\ clectron of positive energy<vb in
Ve =D
| this kind of potential will be of the
l
' | ﬁ‘\ "\ form as given in Fig.3b, but for some
A 0 T S .
. ﬂ\ I/L\ values of encrgy ETW:Lth O<EV< Vb 9
| sclutions ng in Fig.3c are possible.
h ] This situation can be imagined as an
) inecident electron, being "trapped" for
AN c
VA a certain time between the barriers,
Fic 3 before being scattered again. In this

case a resonance maximum will occur in the scattering cross—-section as

function of energy at the energy Ev'
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A state as in Pig.3¢ is called a virtual bound state. An electron
will have a certain lifetime 7 in this semi-bound state, to this time
corresponds an uncertainty in energy AE 'ﬂ‘f% .

This means that if 1 % 0 , it is possible to have in a localized
potential field a state with positive energy, which is localized in energy
and space without being either a bound or a free electron state.

The phase shift ¢ as function of energy for a particle, scattered
by a square well which is not deep enough to hold a bound state, is
shown in Fig.4a. If the well is deep

7l 39
enough for a bound state to exist, A I S

e
6 will vary as shown in Fig.4b. 5 r "\
\

A maximum in the scattering cross—

seotion 0= 4L ? (21+1) sinQ(S‘1

12 /,”T”_—
will be observed at the energy for ) )
0l o [ i
which € = % s this energy can be 10 ¢ roY
FIG.4 The phase-shift of the 1 = 2
teken as the centre of the virtual nertial wave for a free particle of
energy B, scattered by a square 1
gtate. posensizl well of radius 1.4K. The .
+ depth of the well in eV 1s indicated
A different approach to the . on the cuswves. After vef, 10

concept of a virtual bound state is to ccnsider a bound 3d-state having
a sharp encrgy level which lies in the range of the energies of a band,
InteractionsA between this state and the states of the band will cause
a broadening of the energy level, Qualitatively this can be secn as

follows. Consider two non-interacting states A and B, having Energy Ea
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and Eb regpectively. If an interaction H is introduced the perturbed

energy-levels are found from

Ea - B Hab

ft

E
O giving B = —9—;—E-‘3 :r_./ (B-B,)% 4HS,

H&b Eb - B

The effect of the perturbation is largest when Ea = Eb « If B is a

state from a band and the interaction of A with all states B - is
considered, the perturbed energy E; will be broadened in energy and shifted
lwith respect to Ea' The perturbed wave function of A will contain terms
that depend on the B-states, i.e. the wave function of A will become

mixed with those of the band-states. A proper treatment along these lines
(§.4d) shows that the broadened A-state is identical with the resonant state
discussed above,

The work by Friedel, who was the first to apply the concept of a
virtual bound state is solid solutions, will be discussed in section 6 below.
In section ¢ and d a summary of the more precise formulation as given
by Wolff, Clogston and Anderson will be given.

b. The work of Friedel,
11

Friedel showed that the total number of states, bound and unbound,

introduced in a Fermi-gas below an energy E by a localized potential Vp
is equal to n(E) = -?g f:(2l+1) 51(E) wherecfl(E) is the phase shift of

the 1'th partial wave for the scattering by Vp of an electron of energy E.
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The density of states for the virtual state as a function(o§ energy can
dr(E

.22 L
= £ l(21+1) p

now be written in terms of the phase shifts as N(E) =
and an ggternative definition of the centre of the level is that energy
where -‘-1—1- is greatest.

dE

Blandin and Friedel, when investigating the behaviour of solutions of
transition metals in noble metals (in particular Cu-Mn) calculated phase
shifts for 1=2 waves as function of energy of the incoming wave for a square
well of different depths.1o The radius of the well was taken as 2.7 atomic
units = 1.4Xi.e. the atomic radius of copper. The numerical results
showed .

a) that the energy of the virtual state can be taken to be limited
to a certain energy range. The centre of the state was defined as the
energy B for which N(E) reaches a maximum and the width as follows. Let
n(E) be the total number of states up to energy E. The width is then

defined as the difference E"-E' with these two energies defined by the

relations n(E!)= %—n(Eo) and n(E") = % n(Eo).

b) That Eo moves to higher energy if the depth of the potential well
ig reduced.

c) that the width of the state is proportional to the energy Eo’
measured from the top of the well, Earlier calculations showed that for
a given depth of the well the width of the state decreases with increasing
angular momentum,

Friedel first introduced the concept of the virtual bound state to

describe the observed variation of the residual resistivity of a number
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of dilute alloys of Cu and elements of the first transition group ~ In

Fige 5 the difference between the regidual- resistivity of binary alloys

containing 1% of solute and that of Cu, &p , is plotted as a function of

atomic number of the solute, Z.

LA to | .| FIG.5 The difference in the residual
L= ‘resistivity of binary solutions of 1%
of a transition metal in Cu and pure
Cu. Z is the difference in atomio
: number between the solute and Cu.
lOLAl T i P W S T 3 After ref. 3. :
: 4

The experimental results could be explained on the assumption that the

3d states of the transition metal lie close to the Fermi level of the alloy.

Purther it had to be assumed that this state is split into two parts with

different energy, this can be due to

a) crystal field splitting,removing the degeneracy of the 3d states.

In a lattice of cubic symmetry a
charge distribution as shown in

Fig. 6a, belonging to a state of

Xy

symmetry -3 will have a different
r

energy from that shown under B,

2
belonging to states like —E—-,
r

b
552 e
>

FIG.6 (AFTER REF, i3)
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b) Coulomb interactions between d-states,
¢) exchange interactions between d states, this was taken as the
cause of the greatest splitting, as a result the two sub-levels will contain
states with different spin functions a and B.
The resistivity and magnetic susceptibility results were explained

in terms of the following picture. (See Fig.T).

e (&)

(a) oF

Both halves of the 3d level, containing 5 states each, lie near or coincide
with the Fermi-level EF ard are broadened because of interactions with
conduction electrons. The extra residual resistivity observed is due to
resonance scattering of conduction electrons of energy EF via the 3d state
and related to the density of virtual states at EF‘ A maximum in the

Dp vs Z curve is now ascribed to the fact that for the corresponiing
golute the energy of one of the 3d states, either a or B, coincides with EF'
The magnetic moment is proportional to the difference in occupation between
o and the B state. The splitting between these states has to be greater
than or at least comparable to the width of the state to have any meaning
as suchs If the splitting is swamped by the broadening no atomic moment
will be observed, and only one peak in the Apvs Z curve., Both conditions

are_fulfilled in solutions of the metals of the firsttransition group in

Al,
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ce The Model by Wolff and Clogston

The possibility of the existence of a virtual state and the conditions
under which it can carry a magnetic moment were investigated in more detail
by Wolff and Clogston. The general approach is that of Friedel, a single
band of conduction electrons is perturbed by the potential of a single
impurity atom. It is shown that a resonance in the scattering can occur
at a certain energy and that the wave function of the state, hawving this
energy is concentrated around this potential.

The Schrodinger equation for the scattering of a conduction electron
by the impurity potential V(r) is written as {Ho + V(r)}(ﬁ-—- By (1), where
Ho is the unperturbed one-electron energy operator, E the energy and ¢ the
wave function of the electron. A solution ¢ now satisfies the relation

b @ = @ - [ e vE) ) e (2)

where §Dk(£) is the unperturbed Bloch wave function having a wave vector k

and energy Ek and g(£ r_'_) a function which satisfies the relation
(H-Bg(z z') = 8(zz').
Equation (2) can be written as
*
3 0 (2o () '
b @) @) +( ) il s V(@) ok
= om s =0 E~-k'“+ is

1
" + vy (3)
- Ek-H0+is

or symbolically ¢ =9
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The wave functions are now written as a linear combination of Wamier
functions a(; - Bj) which have the property of being localized around the

~ik.R.
lattice site R, and are defined as a(r-R.)= —— Se $. , where N is
=J == oF ok k

the number of lattice sites in the ecrystal, The wave function is then

U (z) = §_ U(Bj) a (z - _133.) (4). After substitution of (4) in (3) and
=J

with the help of the fact that V(z) is localized at one lattiae site R

. P 3 . .

iee that[ a (z -_Igi) v(z) a(z -gj) &z =V, d“(_13i - Ro)a(gj -_rgo), it

is found that U (R ) = ke B, (5)

[t - v_ r(E) 1+ wrv_ p(E)

f p(e) [“p(e)v
&E+ —l e ¥
E ~& E+d B-6 j

where F(E) = P -[ o)

o E-¢

and p(E) is the density of states in energy of the band. If 1-V_ F(E)= 0 (6),
U (Ro) reaches a meximum and consequently the part of ¢(r) localized at R,
also. The energy at which this occurs is the required resonance energye.

If the resonance-energy E_ 1lies outside the band, ‘bhen,Ci(Eo) = o and U(go)“bo

as B --"Eo + This means that there exists a bound state with energy Eo'

The question is now to find ‘ — — -
: FIG. 8

the energy E which satisfies !

equation 6. F(E)

IfP (E) has a parabolic form Eo

as is shown in Fig.8. F(E) is !

as indicated, For an attractive

potential, Eo and E1 are
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aolutions of which E1 represent an unstable state. IT Eo lies to the left

of Eb’ this solution will be a bound state.

Clogston used the same model and came to the same result in a slightly

ikl.R,
different formulation as follows. If V(r) o then U(gi) = e . If
now again V(r) is localized at the site R , tho perturbed U(R ) is found
ikW.R. V. e =%
to be U(R;) = e ='=i - _o g (B;-R)
1+ 7V gp (o)

o (% - R)

E - E

where gE(l_li—Bo) = ;-“:

j=t

So far the treatment is identical to that by Wolff. If this expression is

expanded in spherical harmonics the l=o0 part is, taking —Ro =03

5 (kR,) = ——fie & -R) (1.

The other terms (1£0) are not affected by V since jl(o) = o for 1 #o.

(This does not imply that the wave function (egn. 4) has s-character).

Py
For large values of R;, (7) can be written as ;’RX sin[ kR + y(E)] with
i

Mt p (B
¥(BE) = arc tan ﬂ?)‘f;(T)‘ +« The condition for resonance is Y= g
Vo
which leads again to F(E) = --\17- . If A’(E) as found from the above
o

mentioned function f(E) is plotted vs E, (Fig.9) a relation similar

to that found by Friedel emerges.
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From the sum rule the density of states of the extra state is found as

4z _ 2dp ips - i 4
aE = TAP this means that the level will be narrow if 3p is large.

If the potential V0 is increased, Eo will move to the left, become
sharper and to the left of Eb will be an energy level in the strict sense
(in the case U(Rb) ~» oo there is a finite value of U without an incoming
wave, i.e. a bound state exists). This calculation also shows that the
state is narrow if p(E) is small for the function p(E) as shown,

To investigate the conditions under which the virtual state can be
magnetized Wolff then adds a spin dependent potential to V and considers
the stability of this polarization in a HartreeFock model. The modified
V for spin up and spin down electrons, V'-;-Cs‘\l’T and V-#fv; respectively,
leads to different values of UT(RO) and Ul(Ro)'

For energies near E_ it ¢an be assumed thﬂir¢(r)R‘U(Rb)a(r—Ro)
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If this is substituted in the expression for the energy for the Hartree~Fock
model the exchange energy is found to be cancelled by the Coulomb integral
for states with parallel spine The energy for the spin~up is found to be
proportional to 5
J xfified l u @) | (8)
states

where J =.[.[

T
The result is now that a oha.nged"VT will cause a change in U (_Eo) (Eqn.5)

2
a(z, - ) l dr, 4z,

2 e2
a(£1 -—EO) l [ A
r . -T

which according to (8) causes a change in energy of the spin-down state,
which is put equal t0odV . The same argument holds if cWJ' and &V' are
interchanged, so that two relations svl = (V) and d"V¢ = f ( CWT) are
obtained which hold if 'V <&V, These equations can be solved numerically.
It is found that these equations have either two solutions with & V1~ L8V,
and an unstable one with é"VT.-: 6‘\# or one stable solution with &Vl =& V¢ .

Only in the first case is a magnetic state possible.s The condition for

a(fvr)
the stability of this state is ———————ou1 > 1 which leads to
o W)
< EF B EO> 2< J
T (- l____-
2
JAY T VAPOF'
TP,

where A, the width of the state, is defined as F(E) P o= p(Eo)o
It can be seen that a moment is possible if the virtual state lies close

to the Fermi=-energy and is relatively sharp.
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The integral J is a Coulomb integral and no exchange energy appears
in this theory., This is however due to the fact that the exchange integral
is cancelled against part of the Coulomb integral. The magnetic splitting
must be considered to be due to the total of Coulomb and exchange

interactions.

d. The Theory by Anderson 16

The nature of the virtual state was investigated by Anderson from
the opposite approach. A localized d state with energy in the range
of that of a band of Bloch states interacts with these states and is
broadened in energy. The conditions were also investigated under which a
stable magnetic state exists.

The theory is given for a single, nondegenerate level. One important

parameter in the theory is the Coulomb integral between d~electrons

2
2 e 2 .3 3 :
U =[ §0d(£1) ’—‘—21_221 : qod(£2) d°r, d°r, where ¢ a(r) is a

localised d wave function. As in the treatment by Wolff the exchange
integral is cancelled against the Coulomb integral for states with parallel
spin and in the Hamiltonian for the problem only a term HC = U ﬁaT q1¢
appears, representing a repulsion of opposite spinss nd is the number
of d states with spin up.

Another important quantity is the interaction of the d state

) _ 3 * *
with the Bloch states H_, k10'vak (Ck0‘0d0‘+ C30- Cp- )

the index k refers to Bloch states,

0 refers to the spin.
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The total Hamiltonian of the system is written as H = Hof+ Hod+ Hc+ Hs

where Ho £ is the unperturbed free electron energy Ho a the unperturbed

d’

energy of the d-level = Ed(nd‘l‘ + nd&). Using Hartree~Fock theory it is
shown that there is a state of the perturbed Bystem having spin o with
energy E(1 +AEd +U <nd, -0>-iA where<nd,_o> is the average number of
electrons in the d-state with spin -0, & = 7< de2> pk(E), pk(E) the
density of Bloch states in encrgy and A‘-Ed a shift in energy which is
disregarded further. The wave functﬁon of this one-electron state is now
- 1B 2t 4
‘l’(E,'t) =S°(£) e *® =‘P(£) e k- « © k- o« The lifetime B 7T

of an electron in this state iszz s to.this corresponds a width in energy

g

;= A, This means that the perturbed system has a state with energy
E,=E; +U Qd,-—a'> and a width in ocnergyd, i.e. the required virtual

state.
For the density of perturbed d-state with spin 0 is found

1 JAY
Py (B) = ~
de T (E - EO")E'*‘ A2

Pa o is plotted in Fig. 10, as function of E.
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The occupation of the levels with different spin is now
eF By -ep+ U<ngp
- _ . 1 1 d F d
n+ = <n&¢> = J‘o pdo_ (s)de— - cof N (?)

and a similar expression for n_ E<nd¢>”.f°

these two equations can be solved

numerically. A solution with

n_ £ n_ represents a magnetic |

state., If two parameters x and y
I Sl

are defined ag x & —————

U
U .
+« , the equation (g) becomes

and

y

cotm n,

y(n_—x) bo

(o)

y(n+ - x) FIG.11 :
The functions n=f(n) and

The transition from magnetic to non-magnetic behaviour is determined by the

. . .
O.S h+ . .o

fl

cotn_

condition that the two curves n_ = f(n_ ) and n_ = f(n+) touch at n =n_=n .

o, LU On_ ¥y sin°n.
For the first curve S = - —T , for the second 5 - =
sin7n +

+
s0 that the equations sin27Tnc= 7 and cg'm'nc= y(nc—x) define an area in the
X~y plane, within which a magnetic solution is possible. i.e. the shaded

area in Fig. 12. It is now seen that TIO' )

in this model the conditions for the : _x

existence of a moment are, an 1

unperturbed d-level not too far from ol~=
o wOmy
the Fermi-energy (l xl{l ) and a value '

of the Coulomb integral large compared with the width of the state.



30.

The theory was extended to a twofold degenerate level, in that case

- ‘
the condition for the exigtence of a moment is u D ———— - —J_ s
A ., 2 A
sin T n 2

where J 1is the exchange integral, which is favourable forCthe formation

of a magnetic state. If U=o, the condition for splitting is J> 2 Wig so that
the exchange encrgy (1 to 2 eV) only can not magnetize any level wider than
% eV.

In this treatment, the conditions for the stability of a magnetic
virtual state are similar to those fourd in the scattering model, Both
theories contain however parameters that are difficult to estimate (the
function F(E) and the value of V, in Wolff's and the matrix element Va
in Arderson's treatment of the problem) and detailed comparison of either
theory with experiment impossible. An estimate of the width of the state
can however be made. In a free Mn atom the 3d-4s interaction is found
from spectroscopic data to be of the order of 0.5¢V. If a typical value
for a transition metal, P(E) = 2 state per atom per eV is taken, the

width ish #1eV. For o transition metal dissolved in Cu where P(E) ¥ 1 state

per atom per eV the width is then of the order of 0.1 eV,

The variation of the atomic moment with temperature.

The theory of Anderson was extended to temperatures above zero by

White and Clogston. '

+00
For T £ o, equation (9) becomes n$(T)=.f P dr(E) f(E,T)dE
’ - 0

where f(E,T) is the Fermi-Dirac distribution function. This expression was
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calculated numerically for several values of %% « The results show
" that for a value of the Coulomb-integral of 10eV as for a free transition
metal ion, a change in theo atomic moment is either extromely small, or

occurs at temperaturos far above room temperature, so that this work does

not predict any effects that can readily be checked by experiment.
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SECTION B. INTERACTIONS BETWEEN MOMENTS ON SOLUTE ATOMS
8.1 Introduction

Experimental results for many dilute alloys suggest that interactions
between magnetic moments on solute atoms must be assumed (e.g. in the
systoms Cu-Mn, Cu~Fe). In these allcoys the distance between two nearest

solute atoms will, for the most part be larger than the nearest neighbour

R

distance of the lattice, e.g. face~centred cubic lattice containing 0.1 at
of impurity, 98% of the solute atoms have no nearest neighbours of the same
kind., Under these circumstances the wave functions of the d-states of these
atoms will not overlap, direct exchange and Coulomb interactions can not

be held responsible for the apparent coupling, and a different mechanism

of longer range must be operative.

Much attention has been given to the concept of a spin-polarization of
the extended states of the crystal in a certain volume around a solute atom.
If such spin-distributions, centered at different atoms, overlap, the solute
spins will interact via this mechanism. This type of coupling was first

18

suggest by Zener -~ for the interactions between atomic moments in pure
transition metals, Kasuyégand Yosideza.O adapted the model given by Ruderman
and Kittel for the polarization of conduction electrons by a nuclear spin to
apply to the polarization of 4s~electrons in a dilute Gu~Mn alloy by the
spin of a Mn atoms In this model the 3d-electrons which give rise to the
moment of a solute atom were assﬁmed to be in bound states.

For the same alldys Blandin and Friedel considered the case of g

10,21

weaker impurity potentizal s l.c. the cage that the 3d-state on a Mn atom
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becomeg a virtual bound state. The jd-wave functions will then become
mixed with the 4s-wave functions of the Bloch-states and extend to a large
distance from the solute atom.

A completely different mechanism, a spin polarigation of the electron
gas extonding over the whole volume of the metal and stabilized by the

solute moments was proposed by Overhauser22.

§.2 Polarigation of conduction clectrons (Yosida).

The model of YOSida2o was developed for a dilute solution of Mn in Cu.
The following assumptions werc made
1« The 34 electrons on the Mn atoms are in bound states and there

is no overlap of wave functions of electrons on different atoms.

2+ The orbital 3d moment venishes.

3. The conduction electrons do not interact with each other and

4. have wave functions of the Bloch type.

The effect of exchange interactions between 4s conduction electrons and
3d electrons on the Mn atoms is considered. These interactions are represented
by an interaction of the form J. s..5 , where s, 1is the spin of a 4s—electron
ird -n i
§h that of a Mn atom and Hin the 3d-4s exchange integral. This Hamiltonian,
in the form given by Kasuya, is treated as a perturbation of the system.
From the first order perturbation of the conduction electron wave functions
the following expression for the volume density of 4s elcctrons is obtained:

2
st - B3 A

J(;) En 2kp|z = B |F (2 |z -R |) si (10)
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where 2n is the number of conduction electrons, N the numbor of lattice
gites in the orystal, V the volume of the crystal, EF the Fermi encrgy
and kF the corresponding wave vector. J (g —.E') is the exchange integral
between a conduction electron and the d-core spin of a Mn ion and _ljn the
coordinate of a Mn atom with z-component of spin Sz » The subscript +
refors to the spin function of an electron, the fgnction F(x) is defined
as F(x) E-—iz (x cos x = sin x). The energy of this system is calculated
to second order and is found to contain a term representing the energy

of the Mn spins as a result of this indirect interaction :

2
<. 3n> 2T 2 3
—_— -—  J{o F QkF ‘"R =R S S
N B ( n,m =F| Zn " || =0 n*
f solute atoms
M ) ;
i 1 M
|l osEn)
i il
]
|
1
)
1
| -
o N e

" . Tees The value x = Eer with k? the

\ a Fermi-velocity and » the nearest

A ) N - . -

. neighbour distance in Cu is
' “ ~ . indicated by the arrov.
{ L 1 1 '
@] ‘O

The functions F(x) and xF(x) are plotted in Figs 13. It becomes clear that
in a Cu-Mn alloy the spin polarization is concentrated near the Mn atoms.

The absence of a shift in the nuclear resonance of the Cu and the electron
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spin resonance of the Mn atoms which were expected by Owen et al. as the
result of a homogeneous polarizeticn scems to be explained by this result.

It has been put forward by Abrikcsov and Gorkoxer3

that the last stages
in Yosida's calculation are not correct and that the correct expression for
the charge densitics is o+ = % (1+c¢c —géil ;E ) instead of eqm.(10).
Hore ¢ is the impurity concentration and s% the average z~component of
the impurity spin. If tho following values arc substituteds J(O)= 0.3eV,
Ep = TeV , the Fermi energy of Cu, ¢ = 0.1 at % and -s_z is fourd with the
help of the Curie-Weiss law for the susceptibility of a system of moments
of 4.8 Hp s i.c. approximately the value for Mn in Cu and the system is in a
field of 1O4<30 s & spin polarization of the same order of magnitude as that
due to the Pauli-paramagnetism in Cu in this field is found.

The critical temperature,zbelow which the homogeneous polarization is

NiS(SH) a%,

possible, in T = where S is the spin of an
c 2
12pB ok

impurity atom, X 5 the paramagnetic susceptibility of the electron gas in

the absence of impurities ond a = J(z) a°r with J(z) the function

representing the interaction betwcen an impurity and the conduction electrons.
N a,SX
At T=o0, the spin polarization per unit velume is s = 410 « Ina

a8

small external magnetic field H, the contributions to the gagnetic moment

considered here are

Nqugas S(S+1) N32pB2S(S+1 )H
M= + + Qsz
3kT KT

Np2 as

T H' with H'=

The first term can be written in tho form and

gy
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U= guB\/§(§:T. H' represonts the effective field acting on the impurity
sping due to the spin polarization. The second term is the Curie-Weiss
paramagnetic contribution of the sclute moments and the third the conduction
electron moment., For a solution of 0,1% impurity in Cuy for which the

following magnitudes of the various quantities are taken :

5=2, x 0 = 10_6 cgs units, J = 0.3 eV and for the range
of this interaction function the atomic radius, the above-mentioned formulae
give : T_ =g %k , the effective field H' = 3500 Qe,and the magnetic

moment due to the spin polarization at T=o0 is about 0.03 £Ig per cm3.

gauss
The normal Pauli paremagnetism in Cu in 2 field of 10% @ is 0.01 §§§ss
per ems,

§.3 Polarization of a virtual bound state.

If the impurity potential is not strong enough to hold a bound state,
a spin polarigzation similar to that by Yosida will still be possible as was

10521 na by Kohn and Vosko® 12,

shown by Blandin and Friedel
In this case the system can be represented by a gas of free electrons,
subjected to a localized potential; The wave function of an electron is

written as

b (2) = == o 7L 4 g (5) =2 (1)

at large distance from the origin.

The cheoice of this form for the wave function excludes the consideration

of a bound state.
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The change in charge density at a point r in space as a result of

the introduction of the perturbing potential is

v
* 1
to (@) =[—{ @@ -3l @ ,
3 v
dar
the integral is over the occupicd volume in k-space. Substitution of eqn.(1)

into (2) and use of standard scattering theoory leads to

op (x) = - -;;2—3— cos (ege T +9 ) (3)
f r

with a sin @=2 (~1 )1(21+1)s'1n2<5‘1

and  a cos ¢=3 (1 )1(21+1)s:1nz<5‘1 .

-IS'F is the wave vector of an electron having the Fermi—energy,fs.‘ 1 the phase
shift: of the 1'th partial wave. This means that a2 virtual bound state
gives rise to a charge distribution extending to large distances from the
impurity potential, although rapidly decreasing in amplitude. If this
charge distribution is different for elecctrons having different spin
functions, a spin polarigation similar to that found by Yosida will exist.

If only the partial wave with 1=2 is considered equ (3) gives

=5
Bo 4 = 7 o3 cos (ZkFr+(5'2) .

If the potential is spin-dependent OO can be separated into two parts,

45" and Aﬁ for electrons in different spin states. In the case of

5
o =3

sin &, cos (Zkpr +6,7). Hore é‘; is the phase shift of the 1=2 partial

strong spin decoupling it is possible that A0 = o anddpT = X
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wave if only electrons with + spin are considered.
The interaction can now be investigated of a golute atom at position
R, having a spin $ with the spin distribution Ap': (z) which is centered

around the impurity atom at position R It VA is the volume of an

7
impurity atom and &F the interaction energy of the spin S with that of a
conduction electron, the intecraction energy of 8 with the spin distribution
JAY) : (z) is given by OF =Ap';' (z) vy AF,

This will now be applied to a Cu-Mn soclution. For AF is taken half

of the 4s-31 interaction energy in =z free Mn atom, 0.3 eV, for VA the

atomic volume of Cu, VA ®1.2 x 10-23 cm3 and for 5; the resonance value 'g.
~-25 3
The result is then AE m—2:8 X 1% Vem™ ¥ cos (%ger) ,withz = R, -R, .

0 T
For r=4A this gives 8E=.0.7 x 10 2 eV. The expression given by Yosida
for two spins cnly (egn.10) is
2
3n 21T cos 2 ke T
( > 3(0)? =

3.3 =] =2
N Ef kFr

For the case of Cu-Mn the following values are taken N=2n, J(o)* 0.3eV,

Ef = TeV, S5=2, kF = 1.4 X 108 cm_1 the interaction energy of two spins in

=25 2 o
the Yosida model is 0.5 x 103 eV cm cos?2 EF'E ,T = 4A gives for this

T

ocnergy about 0,08 x 1026V,

§.4 Sgin density waves.

A completely different approach was followed by Overhauser who
argued that since Yosida's mechanism is in fact a short range interaction

this will only lead to long range order of the syrtem for high concentrations
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of solute (;>10 at #) and consequently a different explenation of the
observed coupling has to be given.

If was postulated by Ovcrhausor22

that in the gas of conduction clectrons
a spin polarization of the form s(z) = bN € cos g.r is possible. Here s(z)

is the spin density at position r, N the number of atems per unit volume,

€ a unit vector defining the direction of the polarization, @ the wave
vector of the polarization., This spin density wave can be scen as the

sum of two charge density waves with spin parallel and antiparallel to 25
equal in amplitude and opposite in phase so that the charge density remains
uniform in space. Because this is o property of the electron gas and not

of the alloy as a whole, the wave vector g will not be related directly to
the 1éttice parameter of thc crystal,

Within the Hartrece-Fock thgony a spin-density wave will be a stable
state of the clectron gas, however, if electron correlations arc taken into
account, it will have a higher encrgy than the unpolarized state.

If solute atoms carrying a magnetic moment arc introduced in the
lattice the interaction energy of theso moments with the spin density wave
can compensate the correlation encrgy and stabilize the pelarization,

The effective fiecld acting on an impurity atom at position‘gj can then
be written asgj = Gb & cos_gﬂgj where G is an interaction paramcter.
Since the wavelcngth of the spin density wave is not an integral multiple
of the lattice parameter, the solute atoms can be assumod to be subjected

to a random field with probability distribution P( H ) = g ! .

T \/Gep2 - He
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With the help of this expression, the low-temperature specific heat
of a dilute alloy was calculated, giving a good fit to the experimental
data for Cu-Mn alloyse. &n expression for the paramagnetic susceptibility

was not derivedq



CHAPTER IT 41.

THE MAGNETIC SUSCEPTIBILITY OF METALS & ALLOYS

In this chapter a summary will be given of the mechanisms which

contribute to the observed susceptibility of a metal or alloy.

§.1 Introduction

A solid, placed in a magnetic field will in general acquire a
magnetic moment. If the magnetization (M) is proportional to the applied
field (H) the magnetic susceptibility (X¥) is defined as the magnetization
per unit volume per unit field, otherwise as lim oM if this limit

AB—» o 4H
existse In a metal the observed susceptibility is the sum of several
contributions due to the following mechanisms:

1. alignment of permanent magnetic moments localized on atoms

or ions.
2. moments induced in atoms or ions.
3. alignment of moments carried by elcctrons in Bloch states.

4. diamagnetism of conduction electrons.

5. diamagnetism of electrons in closed orbits or core electrons.

8.2 The alignment of atomic moments and the Van Vleck paramagnetism.

Van Vleck24 derived an cxpression for the effects 1 and 2, mentioned
in 8.1, for the following models, The atom has a permanent moment and the

statcs in which it carries this moment can be divided into two groups:

a) states which are likely to be occupied (normal statos,) tho energy
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intervals between these statos are small compared to kT, b) cxcited states
which have a low probability of being occupied. The difference in cnergy
betweon a normal and an excited state is large compared to kT.

If only that part of the magnetization is considered which is
proportional_to the applied field H, then the susceptibility x is found
to bey = —%ﬁir- + Nao(1) where N is the number of atoms which carry a

moment, p- the time average of the moment of a normal state, this

again averaged over all normal states.

2 3 Imo(n'°n) |2 0o
No =S N tin . where m~ is the magnetic moment operstor
by{n'sn)

and the index n' refers to on excited, n to a normal state., This term
will in general be small, because (n'jn) is large. If the atom has
Russell-Saunders coupling the first term can be written out simply in two
cases. If the multiplet intervals are all smell comparcd to kT, i.e.

if all states are normal states, it is found using p = =pg(I+28) that

Nu 2

X = i@r {45(541)+L(L+1) ] (2) ,

where Hyg is the Bohrmagneton.

If the multiplet intervals are all large compared with kT, only the lowest

NS kg 27(J+1)
state is a normal state and X = 3kT + Na (3)
which can be vwritten as N}Eeff
X = 3](1_ + Na (4)

wherce the effective moment peff is defined as ghy \JI(G+1) .« If also
multiplet intervals of the order of kT exist, transitions from the ground
state with increase of temperature have to be taken into account and the

temperature dependence of the susceptibility will be more complicated.
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If not only the part of the magnetization proportional to the applied
field is retained one finds instead of (3)

Tgugh )
KT

M=DNJgu B (
B (5)

and a similar expression instead of (2). here BJ is the Brillouin function
with argument J, Mthemagnctization,

It follows from this last equation that the saturation moment per
atom is Jng. This should not be confused with the effective moment
8y \/3(3177 found from the temperature dependence of the susceptibility.
It has been found that the offective moments of atoms of transition elements
of tho first long period of the periodic system in salts are closer to
2\/5(s+1) than to g\/J(J+1) as in salts of the rarc earths. The absence
of a contribution from the orbital moment to the susceptibility (quenching
of the orbital moment) has been explained as followg ¢ the 3d-state in the
free atom is five~fold degenerate, these states having different charge
distributions in space. In the lattice the atom will be subjected to a
strong electrostatic field, especially the 3d—-electrons which are in an
outer shell of the atom. In such a field the charge clouds of different
3d-states will have different energy and the orbital degeneracy will be
removed, Because it is necessary for a state to be at least two=fold
degenerate to carry a moment; the only contribution of the orbital angular
momentum to the susceptibility will be the term No in eqn. (1) which.is
small if this crystal field splitting is much larger than kT, This

mechanism was first proposed to explain the observed values of the
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moment of transitionmetal ions in salts but should also apply to those
in metal lattices. The spin degencracy will not be removed by an electro~
static field.

In addition to the interaction of an atomic moment with an external
field, interactions with other moments are possible, leading to increase
paramagnetism, ferromagnetism or antiferromagnetism. These interactions
can often be described formally by replacing H in eqn.5 by an effective
field H + N4, where A is a constant., 22

For ferromagnetic splids, the low-fiecld susceptibility =bove the

Curie-temperature Tc varies then with temperature as X= TEG (1)

with 8 >0. BExperimentally X is found to deviate from (7) near Tc.

For lower temperatures X is not a useful quantity and M varics with H

at congstant temperature as shown in Fig.Il.

O - "
S rigy MR OIY

If the interacticns ere antiferromagnetic equ (7); holds with $<o , above

the ordering»temperétdre-TN.
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The calculated variation of X with T for lower temperatures
deponds strongly on the details of the model, but generally a sharp
maximum at TN is predicted. A vory simple model developed by Dekker?gor Cu~
Mn alloys assuming antiferromagnetic coupling between nearecst neighbour Mn

atoms and ferromagnetic coupling between those at larger distance leads

to a broad maximum as was observed in these alloys.

8.3 Alignment of moments carried by electrons in Bloch states

Pauli~paramagnetism

The paramagnetic susceptibility of a gas of electrons, obeying

2 2 ..

Fermi-Dirac statistics is X = 2u.° N(B.) )1+ % (kD)2 a—-ﬁ-“—Nﬂ}- + higher

B F 6 2 _

OB E—EF

order terms.27 N(EF) ig the density of states at the Fermi-~encrgy., Usually
only the first term is considered which is a good approximation for
temperatures well below the degencracy temperature = which for most
transition metals of the first long period cs of the order of 1500°k.

Collective electron ferromagnetism

Also in this collective model)oxchange interactions betwoen the
electrons can cause ferromagnetism or increased paramagnetisme The theory
was developed by Stonerzs, who introduced a local field acting on the
moment of an electron. As in the Weiss~model for forromagnetism, this
molecular field is introduced fermally, its origin is not specificd.

Assuming that the lccal effective fiecld is proportional to the macroscopic

megnetisation of the crystal (i.e. the magnetic energy tc the square of the
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megnetization) it was found that in an external field H the energy of
an electron can be written as pgH + k9' ¢ , where p is the moment of an

electron, ¢ the relative magnetization N%- with N +the number of
B

electrons, and 9' a constant characteristic of the molecular field.
If a parabelic band-structure is assumed, the main results of this treatment
are

I, 1if no magnetic ordcring takes place the interactions increase
. 1
the paramasnetic susceptibility X, such that 1. 2 . -jg%g
X X(S':O) N}J,B
k9!

]
]

>

I1I. ferromagnetism is possible if

win

III. the relative magnotization at T=o, Cg can be calculated as a

_1/

1 1 4

function of ﬁifi- and was found to be complete (= 1) if 1;3 >0 3
C o]

IV. The magnetization at low temperatures verics with T as M=i-ce -G/T

where ¢ and a arc constants.

V. A pcak in the specific heat at the Curie temperature is
predictecd.
VI. The reciprocal susceptibility above Tc although a fairly
complicated function of T is, when plotted, found to be very noarly lincar

with temperature, as for the Curie-Weiss model for localized moments. The -

!
slope of this curve is determined by <%§— » For a rectangular band29
0

similer results are found. Here;, the condition for ferromagnetism is

k!
ra— > 1
o

temperature is complete,

and if this condition is satisfied the magnetization at zero
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30

The theory was also developed™ for a system of two overlapping

bands which does not change the general features but leads to a number of

31,32 19

corrections. Wohlfarth and Gerstcnberg ” interpreted experimental

results for a number of binary alloys in terms of this model.

The collective electron theoxry of antiferromagnetism

33

Lidiard extended the collective electron theory to describe anti-
ferromagnetisms This model assumes an antiferromagnetic order of localized
moments at the lattice points of a metal, in particular a lattice divided
into two interlocking sublattices A and B, containing atoms with + and -
spins respectively. The Bloch like states will now be modified, the new
wave functions can be divided inte two groups, ¢1c, functions more
concenirated near &, and ¢y more concentrated near B sites.

The energy of an clectron with wave function belonging to ¢1€

is e(k) + (k31 ;A + k9 ) depending on the spin of this clectron.

12613
Here (k) is the kinetic energy,

;A p the relative magnetization of the A(B) lattice
9

31 and 312 interaction constants

A similar expression holds for the ¢L set.
The treatment is similar to that given by Stoner for ferromagnctism

and is given for a parabolic band of electrons. The main conclusions are:
k(9 +312)

2
b
&, 3

1. antiferromagnetic order is possible if 1

otherwise the system is paramagnetic.
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k(9,+9,.,) -1/
2, if §<' 13 12 < '3 , antiferromagnetic order is
°

possible, the moment localizcd on an atom at T=o0 is smeller than the maximum

possible,
k(91+9
€
o]
i.c. tho maximum moment at o lattice site.

12) > 2-'1/3

3. if there will be complete order at T=o

4. In the absence of an cxternal field, the relative magnetization

C)2

of a sublattice r; = CB = { this veries at low temperaturcs as '*zr- =
2 o
1= (}%— > where TN is the magnetic ordering tcemperature.
N

5. the thermal properties can be tzken over from Stoners treatment

of ferromagnetism if &' is replaced by 91 + 612.
6. TFor the magnetic susceptibility above the ordering tcemperature
1 1 k(8,-9,,)
TN the equation - = ———————— =~ R holds,
X X (e1=e12=o) Ny

whore N is the number of electrons

and g the Bohrmagneton

Below TN the susceptibility depends on the crientation of the applied
field H with rospect to the axis along which the moments are aligned.

The susceptibility for H parallel to this axis, 29,, will decrease with
decreaging temperature from T = T

N and that for H parallel tc this oxis,

){l, will be temperature independent below Tye

For a powdered specimen with randoemly distributed antiferromagnetic axes,

the measured suscgptibility will be x= % X,_|_+ 13 Xu_ o
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1 (8,4945)
The ‘2 vs T curves, for — 7 3 calculated numerically,
o
show a discontinuity in the slope at T = T,. If & susceptibility with this

c

temperature-dependence would be measured, the points obtained would probably
suggest a gradual change cf slope.

These idecas were applied to Cr whero neutren diffraction experiments34
showed antiferromagnetic order but at the transition temperature neo specific
heat anomaly and only & very small cffect in the magnetic susceptibility
was observed. Lidiard showed that for this mse the c¢ollective elcctron
theory predicts only averysmall anomaly in the thermal properties, so that
this model ig consistent with the observed properties of Cr. 0verhauser35
proposed for this motal the spin-density wave model, the main arguments being
firstly that the paramcter of the magnctic ordering is incommensurate
with the lattice parameter which is nct consistent with the above mentioncd
model and secondly that above the ordering temperaturo no paramagnetic
gcattering was observed, which rules out the possibility of stomic moments.

In P4 a maximum in the susceptibility was observed but no speccifio heat
anomaly at any temperature near that of this meximum. Also for this case
Lidiard showed that the absence of & measurable ancmely in the thermal

properties is consistent with the model of collective elcetron antiferro-

magnetism, but no conclusive evidence of antiferromagnetism in Pd exists.

§.4. Diamagnetism of conducticn electrons.

The theory of diamagnetism was developed by Landau and Peierls36.

More recently an exact theory, which is extremely compliczted has been given
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by Sondheimer et. a.l.37 For frec elcctrons, obeying Fermi-Dirac statistics,

the diesmzgnetic susceptibility is one third of the Pauli paramagnetic

gusceptibility.
In a pericdic lattice field such that the energy of an electron is
2
BE= 2 o k°+ak?+ak?|, it can be found that for a ficld in
1 "x 2y 32
om a1a2)

, 1
the z-direction, X, = X o X } 3, Consequently, if the

a
3
Fermi surface overlaps a Brillouin zone boundary this can strongly affect

the diamegnetic susceptibility.

5. Diamagnetism cf core elcctrons.

The diamagnetic susceptibility is given by

G ——
X=- - Zr

whorc r is the radius of ths orbit of the electron

and the gum is over the different elecirons.
Calculations of this effect for actual sclids are complicated, a roview of
theoreticnl work is given in Ref. 24. ZExperimentally ionic susceptibilities
has been determined from the susceptibility of salts and solutions, under the
assumption that different contributions tco the tetal cbserved susceptibility
are additive. For the alloys discussed in Chapter V and VI, this effect will
be small. For the Mn7+ ion, thoe diamagnetic susceptibility is of the order
of 041 x 10_6 emW per gram, g0 that in a sclution cf 0.1 at % M¥n this part

can be neglected.
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CHAPTER III

PREVIOUS WORK ON DILUTE ALLOYS

In this chapter a short review will be given of the observed anomalies
in the electrical and magnetic properties of dilute solutions of elements
of the first transition group in other metals and a summary of the theories
developed to explain these effects,

In section A the results for alloys of these elements with the
noble metals will be gummarized, in section B those for solutions in gdivelent
and trivalent metals and in section C those where the solvent is a binary
allcy. In section D a survey will be given of magnetic measurements on
solutions of Fe in a transition metal of the second long period. In
seofion B the models developed for dilute noble metal = transition metal
alloys and the application to the experimental data will be reviewed and in
section F the possible explanations of the behaviour of alloys of two

transition metals.



52,
PART I. SUMMARY OF THE EXPERIMENTAL WORK

SECTION A. DILUTE BINARY SOLUTIONS OF TRANSITION METALS
OF THE FIRST LONG PERIOD IN A NOBLE METAL.

The allcoys of this group can be divided into three groups, according
to the observed behaviour of the magnetic susceptibility and the elecitrical
resistivity.

The first group contains allcys for which the susceptibility of the
solute system follows a Curie-Weiss law at high temperatures (zbove 100°k)
and the susceptibility vs temperature curve shows a maximum at low
temperatures. The curve of the resistivity vs temperature shows a maximum
and a minimum for these alloys and for all the systems the transition metal
dissclves easily up to high concentrations in the matrixe. To this group
belong the alloy systems Cu-Mn,Ag-Mn,Au-Mn,Au-Fe and Au-Cr.,

The second group contains systems for which the susceptibility is
paramagnetic and temperature-dependent but does not show a maximum at any
temperature, and for which the electrica} resigtivity as function of
temperature shows a minimum only. For the alloys of this group the
solubility of the transition metsl in the primary phase of the noble metal
ig low. To this group belong the systems Cu~Fe, Cu~Co and Au-Co.

The dilute alloys of the third group, Cu~Ni, Au~-Ni and Au-V, do not
show a significantly temperature~dependent susceptibility, the resistivity
versus temperature curves do not show a maximum and only & shallow minimum,
if any. For thesc systems the primary a~phasé extends up to high solute

concentrations.
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Of the other possible combinations of one of the above-mentioned
transition metals and a noble metal only in the systems Ag-Cr and Cu-Cr
has some solid solubility been found, which is however small, and no
magnetic measurements on these systems have been reported. In the remaining
systems Ag-Ni, Ag-V, Ag-Fe, Cu-V and Ag~Co the solubility of the transition

metal is too low to allow the preparation of a solid solution.

8.1 Group I. The systems Cu-ln,4egMn, Au-Mn,Au-Fe and Lu-Cr

For all the alloy systems of this group a primary phase exists extending
38

up to a transition metal concentration of at least 10 at %.

a) Magnetic susceptibility.

39

Cu-Mn.Measurements have been made by Owen et. al”” on alloys containing
0,03, 1e4y 5.6 and 11.1 at % lMn from 4 to 29OOK. At high temperatures the
susceptibility followed a Curie-Weiss law corrcsponding to an effective
moment peff = 5.OpB and a positive Curie-Weiss constant 9 (See Chapter II).
Below 80°K the results showed a deviation from the Curie-Weiss law and
for the alloys with 1.5 at % oy&ore Mn a broad maximum in the susceptibility
as function of temperaturc was observed. Even at the lowest temperature
the susceptibility was found to be independent of the applied magnetic
field.

Van Itterbeek et 31.40 measured specimens of Mn content ¢ between
0.25 and 4.8 at % from 1.2 to 290°K. At high temperatures a Curie-Weiss law
was found to apply with peff = 4.5u; and 9<o for og1.6 at % and 8> o
for ¢ 2.6 at %,
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For the alloys With'c;?1.4 at ¢ a maximum in the curve of susceptibility
versus temperature was observed. The susceptibility was found to be field=-

dependent below and just .ebove the temperature of the maximum T..

N
Measurements of the magnetization of a Cu~Mn alloy by Schmitt and
Jacobs41’46 at 4.2°K showed an extremely complex field dependence of the

magnetization, this is in strong disagreement with the results found by

Owen et. al.

Ag-lin
Owen et. 3139 also made measurements on a Ag=-4% Mn alloy down to

4.2°K. The susceptibility follows a Curie-Weiss law at high temperatures,
peff = 5.5uB, ¥4>0 and between 10 and EOQK the curve of susceptibility
as function of temperature shows a broad maximum. No field~dependence
wag found at any temperature.

Van Itterbeek et. al40 measured alloys with Mn concentration ¢ from
0.5 to 5.3 at % down to 1.2°K. A Curie~Weigs law ig followed at high
temperatures, corresponding to peff = 5.7pB » For c<:1.7%, 9 is
negative while for ¢ > 1.7%, ¢ is positive and a broad susceptibility-
maximum is found. As for Cu-Mn the susceptibility was field~dependent
below and just zbove TN'
Au-Fe

Measurements on alloys containing from 0.6 to 15 at % Fe from 14 +to
290°K were reported by Kaufmann et.al4? Above 77°K the results for
Au~9 bat % Fe show a Curie-Weiss behaviour with peff = 3.4p, and 3=—25K,

peff increased with Fe content c to 5.7 uy at 12%, 9 increased with ¢
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and was positive for ¢ > 3.5%. Below 77°K the results did not follow
a Curie-Weiss law while for c¢ 2 6.6 at % the alloys show a remanent
magnetization at 14°K.

Lutes and Schmit43

measured alloys with 0.5 at 1 at % Fe from 0.5

to 30°K. At the higher temperatures a Curie-Weiss law was found to be
applicable with peff = 3.6 up and 3.3 up respectively and $<0.

In disagreement with the results found by Kaufmann et al., $ increased

in absolute value with increasing Fe concentration. At lower temperatures
a remanent magnetization was found and the curve of the susceptibility

in zero field showed a broad maximum at the temperature where the

remanent magnetization disappeared.

Au-Cr and Au~ln

Alloys containing from 0.5 to 2% of solute were investigated by

Lutes and Schmit43

between 0,5 and 30°K. A behaviour similar to that
found for Au-Fe was observed. For the Au-1% ln and Au~2% Mn alloys values
of peff = 5.8 and 6.6 kg respectively and positive values of § were

found. For the Au-O.B% Co and Au-1% Cr alloys peff was 4.0 and 3.7pB
respectively and ¢ < o» For both systems, § increased in absolute value
with increasing solute content. As for Au-Fe a remeznent moment was

observed at the lower temperatures and the zero-field susceptibility

showed a broad maximum at the temperature where the remanence became zero.
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b) Electrical Resistivity

The curves of the resistivity versus temperature for the alloys of
this group shows a maximum above 1.2PKif the solute concentration is
between 0,03 and 0.5 at %44’45. This composition range is somewhat
narrower for the Au-Fe system and wider for Cu-Mn. At a temperature
above that of the maximum a broad minimum is found. For alloys with
lower solute content only a minimum is observed above 1.2°K, while for
those with higher solute concentration the resistivity at low temperatures
increased strongly with temperzture without showing 2 maximum or a

minimum. The temperatures of these maxima and minima vary with solute

content.

45

¢) Magnetoresistance.

For all the alloys of this group the change of the resistivity in
a magnetif field , Ap, does not follow Kohlers rule QOGHZ, the
observed values of Ap are smaller than for the pure metal and are in most
cases negative. A detailcd analysis of Cu-Mn alloys of Schmitt and
46

Jacobs' showed that these results can be described by the relation

Lo = a(T)M? where 2 (T) is a temperature-dependent parameter and M the
magnetization of the alloy. For the other systems no such data arc
available.

d) Specific heat.

For those alloys of this group for which specific heat measurements
have been reported the difference in the specific heat of the alloy and

that of the pure solvent, AC, when plotted as a function of temperature,
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shows a broad maximum at low temperatures. The shape of this curve is
similar to that expected for a system of magnetic atoms in a field H,

for which_the magnetic contribution to the specific heat is given by

N H uH
CM = -—21—75-——- sech2 i (1) if the atoms have a spin S=%-4'7
kT kT

(see Pig.1). Hore N is thc number of atoms.

From the susceptibility

" .5
and magnetization data mentioned fVR
at the beginning of this section i
it is obvious that in these alloys : , ET
a magnetic ordering takes placc © : é 5 é o
and the observed extra specific FiG.1 (AFTER REF. 47)

heat Ac has been ascribed to

this process. If the intcractions between the atomic moments are
represented by a molecular field H', the term &  can be written as CM
in equ 1, with H=H', If the atoms have a higher spin value a more
complicated expression than 1,is found, a plot of CM vs T will however
have the same general shape as that in Fig. 1. In a dilute alloy the
field H' will not have one well-defined value, but vary over the volume
of the crystal, this will cause a broadening of the maximum in the curve
of C vs T. From the integral of the function JS%L over T, the
value of the spin of a solute atom can be found. As the temperature is
raised the specific heat of the alloy increases and AC will become
comparablc to or smaller then the experimental error, so that no

rosults can be obtained by subtracting the value found for the pure
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solvent from that found for the 2lloy. The absence of values of A C
at very low temperatures and the large cerror on the values for high
temperatures are the main sources of error on the experimentel spin
values.
Cu-lin

The specific heat of Cu=~Mn speccimens containing from 0.1 to 10 at %
Mn was measured from 1.6 to 15°K by Zimmerman and Hoare48 and of a Cu-0,13

49

at % ¥Mn specimen by De Nobel and Du Chatenicr in the same temperature

Tange.
The first measurements showed that the difference in the results

for alloys of different Mn content is very small below 4°K and can be

3) mJ
mole deg

g =3.5 for a Mn concentration ¢ of 0.5 at 10%, a= 4.0 for c=1% and

described roughly by the relation C + (aT + 0.1T 5 » with
a=4.5 for c=2% and c=4%.

For the alloy Cu~0.5% iin the value S=2 was derived as the most
likely value for the spin of a ¥Mn atome. The results by De Nobel and
Bu Chatenier agree well with those of Zimmerman and Hoare.

The difference in the speeific heat of the Cu- 0,13 % Mn alloy
and that of pure Cu, as measured by Franck et. also, shows a broad
maximum between 3 and 4°K.
Ag-lin

Three alloys, containing 0.09, 0.28 and 0.40 at % Mn werc mcasured

from 1.3 to 20% by De Nobel and Du Chatenier, Also herc the specific
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heat at low temperstures is larger than that of pure Ag. Also for this
system the results give a spin value between 2 and % e The C vs T
curves for the 0.28 and 0.40% kn alloys coincide below 1.9OK. The
curve of AGC wves. T for the Ag - 0.09 % Mn alloy shows & meximum at

1.8 + 0,2, To fit the points for tho 0.28% Mn alloy to a Schottky-

curve an internal field of 25 tc 30 X Oe had to be postulated, corres—

ponding for S = g to a eritical temperature of about 9OK.

Au-in, Au-Cr.

51

For a preliminary report’ on a scries of measurements the
presence of an anomaly in the specific heat of dilute Au-lMn and Au-Cr
alloys was mentioned, but no more deteiled results of these mcasurcments

hove been published.

e) Thermoelectric power.

In all the alloys of this group large thermal powers have becn
observed at low tcmperaturcs. WVhile at these temperatures the normal
thermal power duc to diffusion is estimated at less than O.1 uV/O ’

I
in these alloys values of several puV per °K have been found ir the
44,45
temperature range from 1 to 20% . If the temperature is lowered
the thermal power S decreascs in absolute value and approaches zero
as T = 0. Although the shape of the S vs T curves is very differcnt

for differcnt alloy systems, there is no special property of these

ourves which is common to only the alloys of group I.
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) Summary

The results discusesed in the provious paragraph show that in the
alloys.systems Cu~lin, Ag-in, Au-ln, Au~Cr and Au-Fe the transition metal
atoms carry a magnctic moment and that a low temperature megnetic
ordering takes place. The susceptibility, which tecause of the field
dependence at low temperaturcs has to be seen as a quantity proportional
to the magnotization in a constent field, reaches a maximum which
indicates antiferromagnetic order. For the alloys with ¥n as solute
positive values of the Curie-~Weiss constant have been found, indicating
that also ferromagnetic interactions zre operative.

The maximum in the resistivity can not be correlated directly
with the susceptibility-meximum which has been found only in allecys of
high solute concentration which do not show a resistivity maximum.

For those systems for which specific heat measurements have been

made, the specific heat of the solute system is independent of solute
content at low temperaturos and chows a maximum at & temperature Tc
close to that of the resistivity maximum Th' This is secen when both
Tm and 'I‘c are plotted as a function of solute concentration (Fig. 2).
This indicates that both anomalics are connscted with the same ordering
process.

If the temperature of the susceptibility maximum as function of
solute content is also plotted in Fig., 2, the points lie far below the

extrapolation of the line drawn.
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§°2 Group II. Dilute sclutions of Fe in Cu, Co in Cu and Co in Au.

The alloys of this group are paramagnetic and the magnetic
susceptibility does noi show & moximum ot any temperature. Tho
resistivity as function of temperature does not show a meximum but a
minimum is found in zll cases.

The solid solubility>

in the a-phase, which is several at % just
below the metling point, falls off rapidly with decreasing temperature
and is of the ordcr of 0.2% at 40000, is high encugh to allow the

preporation of a number of solutions, but is considerably lower than

that for the alloys of Group I.

a) The magnctic susccptibility.

Cu-Fe

Measurements on alloys containing between 0.01 and 0.8 at % Po
from 14 to 300%K and from 1000 to 1300°K were reported by Bitter ot al.’”
The alloys did not show ferromognetism at room temperaturc znd as the
other phases of the Cu~Fc system contain at loast 92% Fo any precipitate
will be ferromagnetic. This shows that the Fe was in solution in the
primary a~phase.

At 14°K the susceptibility of alloys with more than 0.1% Pe was
field~dependent, but no remanent magnetization was observed. The
susceptibility for zero fiecld followed a Curie-VWeiss law over the
whole temperature rangc. The cffective moment per Fe atom increased with
Fe content of thc¢ sample from 2.0 kg for 0.01 at % to 4.9 Ky for 0.8 at %9

while § increased from -16 to 0°K.
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From the high-temperature measurements a value of peff = 4.7 Mg
was found for all the allcys.
Cu~Co.
The susceptibility of alloys containing from 0.1 to 0.5 at % C0

3 from 90 to 300%K. The results were

was measured by Hildebrand5
fitted to a Curie-Weiss law corresponding to valucs of 9 betwsen -800

and -1000%K. For the 0.5% Co alloy which showed a difforent behaviour,

a value § = —220 °K was found, These values are $0o large for dilute
alloys to justify the assumption that the Curie~Weiss model is applicable.

41

Ueasurements by Schmitt and Jacobs™ on allcys containing 0.5,
1 and 2 at % Co down to 2°K showead that a Curie-Weiss law is not obeyed.
Down to 50°K, the susceptibility vearics little with temperature,
but is higher than that of Cu and increases on further cooling.
At 4.2°K the magnetization is not- proportional ta the applied fiecld.
No remanenco was obscrved. The rosults for the 0.5% Co alloy join up
well with those of Hildebrand.
4u-Co

Spccimens containing between 0.3 and 2% Co were measurcd Ly
Hildebrand53 from 90°K to room temperazturc. The reciprocal susceptibility
of the system of solute atoms is linear with temperature. The character—
istic temperature 9 is betwoen ~250 and ~ 160°K, decrcasing in absolute

value with increasing Co concentration. As for the Cu~Co alloys these

values are very large and the Curie-Veiss docs not apply to this system.
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Lutes and Schmit '~ measured the susceptibility of a Au-1 at % Co
alloy from 0.5 to 10°K and found a small variation with temperature dowm
to 6°K and a more rapid increase on further cooling. The results do not

fit a Curie~Weiss law. No remanent magnetization was observed.

b) Electrical resistivity.

Cu~Fe
A resistivity minimum above 1.2°K was observed for solutions

containing between 0,005 and 1 at % Fe44’45’55.

For none of these alloys
a meximum was found. The resistivity of a specimen containing 0.056 at %
Fe was measured56 down to 0.1°C and found to be constant below 1°K.

Cu-Co, fu-Co

=
For these systems no maximum hes been found. A minimum was observed4)

but the value of the resistivity ot the lowest temperature measured was not

more than 2% above the minimum value.

c) Magnctoresistance.

The change in resistivity in = magnetic field, &P, showed qualitatively
the same behaviour of that found for the alloys of Group I.44’45

For Cu-Co alloys the relation £p= al® holds54, vhere ¥ is the
megnetisation of the sample and a is a temperature independent constant.

For Cu-Fe and Au~Co no znalysis of results has been made to check this

relatione.
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d) Specific heat.

Cu-Fe

Measurements on Cu-Fe alloys containing 0.05, 0.1 and 0.2 % Fe
were made by Franck et a150 from 0.4 to BOOK. A1l the alloys showed a
specific heat anomely.

The most important points of the results are :
1 At the low~temperaturc end of the range the slope of the A0 vs T
curves is appreciably different for the three alloys. However for the

0.1% and 0.2% Fe alloys the curves do not extrapolate to zero at T=o.

2« As the temperature is incrcased the slope of the AC vs T curves
approaches zero as T is near 7°K, the results suggest a decrcase in £C
above this temperature, but because of the large error onAC in this

region this is not shown conclusively.

3. For the spin of an Fe atom the value S = 0.5 was obtained, because

of the large errors discussed in 1d this value is however uncertain.

Cu~Co and Au-Co

Measurements on Cu-Co and Au-Co alloys with solute concentration

between 0.25 and 3.5 at % were made from 1.5 to 4.2°K by Cranc and
57,58

Zimmerman The specific heat of the alloys was larger than that of

the pure solvent. At the high-temperature end of the range, E% was

found to be independent of T, being proportionzl to the square of the Co

concentration for the Cu-Co alloys and proportional to +the 3

5 power for
¢
T

the Au-Co alloys. At the low~temperature end of the range, incrcased
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with decreasing temperature, this increase was stronger for a Cu-Co
alloy than for the Au~Co alloy with the same solute content. The
temperature range over which these measurements have been made is too

narrow to allow a comparison with the results for other systems.

f)  Summary.

The alloys discussed in paragraph 2 have in common firstly that the
resistivity as function of temperature reaches & minimum but no maximumes
Secondly, that at low temperatures the specimens are paramagnetic and a
magnetic ordering takes place, which is of different type of that observed
in the alloys of Group I, as no susceptibility maximum has been observed,
and thirdly that the solid solubil ity of the Fe and the Co is lowe.

Further the specific heat shows an anomaly which for Cu~Fe is
qualitatively different from that found for Cu-Mn and Ag-lMn, It is also
clear that the specific heat results for Au-Co and Cu~Co are similar,
although the available data do not allow a detailed comparison.

The Cu-Fe system shows however many differences from the Au~Co and
Cu-Co systems; the susceptibility of Cu~Fe follows a Curie-Weiss law,
while in the Co alloys a smrll temperaturce dependence .at higher temperaturcs
is found which can not be interpreted in the same way. ( It must
be noted that no susceptibility measurements on Cu~Fe alloys with 0.1% Fe
or more have been done below 14°K).

Further the resigtivity minimum is considerably more pronounced in

Cu-Fe than in Cu~-Co or Au-Co.
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8.3 Group III, The systems Cu-Ni, Au=Ni and Au~-V.

The above-mentioned alloys have in common that the susceptibility
is temperature-independent at high temperatures, that thc resistivity
as function of temperature shows g shallow minimum only, and that the
solubility is high38.

2) Magnetic susceptibility

Measurements by Pugh et a159 on Cu-Ni alloys containing 0.59, 1.16 and
2.48 at % Ni between 2.5 and 30o°K showed at high temperaturcs a
susceptibility different from that of Cu by a temperature-independent term,
end a sharp increase with deccreasing temperature below 20°k. 1In later
measurements6o on spccimens of higher purity the increase at low temperaturecs
was small for Ni concentrations lower than 5%. In none of the alloys a
field dependence was observed. The differcence betwcen the susceptibility
of the alloy and that of pure Cu was in the range (0.021+ 0,002) x 10"%m /e
per at % Ni for all the alloys containing less than 5% Ni,

Au-Ni

No results on dilute Au-Ni alloys are available. Specimens of high

42

Ni content (12.5 at % and more) were measured by Kaufmann et al For
the Cu - 12.5 at % Ni alloy the susceptibility is constant above 100°K
and from there increascs with dccroasing temperature. For this high
solute concentration this increase must be due to the Ni. The difference

between the constant high-temperature value and that for pure Au is

0.019 x 10—6emu/g per at % Ni, closc to the value for the Cu-Ni alloys.
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Lu-V

The susceptibility of a Au~ 1% V specimen was measured from 0.5 to 10%

by Lutes and Schmit43

and found to vary slightly with temperature below 1.3°K
and to be almost constant at higher temperaturcs. No remanent moment was

observed at any temperature.

b) Resistivity

Cu-Ni

A shallow resistivity minimum between 10 and 25°K was observed for
alloys containing from 0.025 to 2.2 at % Ni61. Howevor this minimum was also
found in a specimen nominally free from Ni. No meximum was observed.

Au-Ni

A shallow minimum was found for specimens with Ni content between 0.7
and 1.2 at %, and no effect for concentrations of 0.05 at 0.19%61. The
observed minimum could, according to the authors, will be due to Fe

impurities.

c) Magnetoresistance.

For Au-Ni and Cu-Ni no anomalies were observed up to 0.5 at % N'i.61

For Au-V no resistivity or megnctoresistance data are available.

d) Specific heat.

No measurements on dilute alloys of these systems have been done.

Cu-Ni alloys containing 10 at % or more Ni were measured by Guthric et al.62

The specific heat of the 10% Ni alloy showed, betwecn 1.5 and 4.20K no
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anomaly of a Schottky typc and obeyed the relation ¢ =YT + BT3.
51

In the preliminary report by D¢ Nobel and Du Chatenier” a measurement
on a Cu=~Ni alloy is also mentioncd in which no anomaly was found.
For Au-Ni and Au-V no specific hezt measurements have becen done.

Thermoelectric power.

Data are available for Gu-Ni and Au-Ni,

In Cu-Ni, Gold et a152a found values of S between -1 and -2 uV/oK
at 15°K for solutions‘of small amounts of Ni. MacDonald et al52 reported
for Au~Ni alloys betwccon 4 and 16°K values of S which werc of the seme
order of magnitude as thoso for Au-Mn and Au-Cr alloys of the same solute
concentration.

Summary .

In the Au~-V and Cu~Ni alloys the observed increase in susceptibility
at low temperatures is very small and could well be duec to Fe impurities.
The temperature~independence of the susceptibility indicates then that Ui
atoms dissolve in Cu and V atoms in Au without a magnetic moment. If the
difference in susceptibility between Cu~Ni and Cu, le, which is found to be
proportional to the Ni-concentration is assumed to be a Pruli-paramagnetic
term, the increase in the density of states at the Fermi level as a result
of the introduction of the Ni in the lattice is then 4 states per eV per
Ni atom for Ni concentrations below 5%.

For Au-1% V, D = 0.49 x 10—6emu/g and for the increase in density of
states a very large value would be found, which shows that the situation

is different from that in Cu-Ni,
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The absence of a resistivity or magnectorcsistance anomaly comparable
in magnitude to that for the alloys discusscd in 1 and 2 also shows that
for these alloys the phenomena observed in those of Group I and II do
not occur. It must however be noted that in Cu~Ni and Au~Ni large values

for the thermoelectric power have been found.

SECTION B. SOLUTION OF TRANSITION METALS IN Mg,Zn and Al.

Investigations have bocn reported on the systems Mg-Mn, Mg-Fe, Zn-Mn
Al-Mn, Al1-Cr, Al-V. In paragraph 1 of this scction the rcsults for the
alloys of Fe and Mn in the divalent metzls Mg and Zn will be discussed,

in parsgraph 2 those for the Al-bascd alloys.

8.1 Solutions of Fe and Mn in Mg and Zn.

Solubility.

The solid solubility of Mn in Mg and Zn, which is of the order of
1 at % near the melting point is high enough to allow the preparation of
38

the alloys. Some solubility of Fe in ¥g has been reported which was

however so small that no numcrical values could be given.

a) Magnetic Susceptibility

Yg-Mn
For a Mg ~ 1.34 at % Mn alloy the susceptibility was measured down to

1.3°K by Collings and Hedgcock63 and found to obey a Curie~Weiss law at
high temperaturcs, corresponding to an effcctive moment of 4.1pB per Mn

atom and a characteristic tomperature 9§ = 0%K. 4t low temperaturcs a
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deviation from the Curic-Vleiss lew was found, similar to that reported
for Cu-Mn, but no maximum was observed. In this report no mention is
made of any field-dependence of the susceptibility.

Owen et a139 made measurcments on a sample containing 0.67 % Un
and found a similar behaviour, also here § = 0°K. For the effoctive
moment for Mn atom howevor o value 2.9 Hp was found. The susceptibility was
reported to be field-independent at all temperatures.

Zo-Mn

64

Collings et a2l ' measured a specimen containing 0.43 at % Mn down to
1.2°%K. The temperature variation is similar to that for Mg-Mn. The high
temperature susceptibility followed a Curie-Weiss law worresponding to

peff = 4.8 hp and 9 = + 12°K. No mention is made in this report of a field-

dependence of the susceptibility.

b) Electrical resistivity

utati]

For alloys with Mn content betweon 0.16 and 0.60 at % a maximum in the

resistivity versus temperaturc curves ond a minimum at a higher temperature

was reported, for lower Mn concentrations only & minimum .
~Fe

65

A resistivity minimum was observed by Spohr and Webber - in nominally
pure Mg specimens which contained Fe and Mn contamination. The results
showed that Fe enhanced the effect of Mn., Because of the low solubility

of Fe no more systomatic investigoation has been done on this system.
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Zn~Mn
For solute concentrations from 0.01 to 0.43 at % a minimum above

1.5°K was found66, while none of the specimens showed a maximum,

¢). Magnetoresistance.

For a Zn- 0.12 at % Mn alloy a negetive magnetoresistance in fields
below 30 e was reported67. For a Mg - 0.04 % ln alloy Kohlers rule
was found to app1y68. The possibility must however not be excluded that

for Mg-Mn alloys with higher Mn content an effect will be observed.

d) Specific heat.

Mg-Mn, Mqo~Fe.

For two alloys, Mg = 0.043% Mn and Mg - 0.013% Fe which were
measured by Logan et (':11.69 the specific heat above 3°K did not show any
deviation from that of pure Mg.

70

Measurements from 0.4 to 1.5°K by Martin' = on specimens containing
0.025 and 0.15 at % Mn showed a specific heat larger than that of pure Mg.
The temperature range over which the measurements were made was too small
to obtain information about the detailed shape of the curve or to determine

the spin value for the solute atoms.

Zn-Mn

51

For Zn-Mn an anomaly in the specific heat has been observed.

No details of this work have been published.
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e) Summary .

The Mg-Mn alloys have many featurcs in common with the Cu~Mn alloys.
The resistivity vs temperature curves show a meximum and a minimum which
disappear at high concentrations, the susceptibility deviates from a
Curie~Weiss law at low temperatures suggesting antiferromagnetisim, although
no actual peak has been observed. If in any of the alloys of thig system
the susceptibility reaches a maximum at any temperature, the alloy of which
the resistivity will show a maximum at the same temperature, will have a
lower solute concentration.

For Zn-Mn and Zn~-Fe the data available are not sufficient to make a

comparigon with other systems.

§.2 Dilute Alloys of Transition Metals in Al.

Some measurements have been made on golutions of Mn, Cr and V in
Al,
The s0lid solubility of the transition metals is not high but enough

to enable the preparation of a numbcr of alloys.38

a) Magnetic susceptibility.

Taylor et. al. measurcd71 the susceptibility of a number of Al-Cr,
A1-V and Al-Mn alloys containing between O.1 and 0.7 at % of solute from
100 to 29OOK. In first approximation the difference between the
susceptibility of the alloy and that of pure Al was temperature independent

and proportional to the solute concentration, the values obtained were
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for Al-Mn AIZ 13 x 1076 emu/gmol per at % of solute

i

f

Al-Cr AZ 4 x 10"'6 1" " " n n "

A1~V A_]{ = ~5,2 x 10"'6 "o noon onn

Collings and Hedgcock63

measurcd the susceptibility of an A1-1% Mn
alloy at low temperatures and found that no Curie-Weiss law is obcyed.

No more details of this work have been published.

b) Resistivity
72

Measurements by Hedgcock et al. on Al-Mn and Al-Fec alloys of

solute content from 0.01 to 0.1 at % showed no registivity meximun or

minimume

¢) Specific heat.

The spec¢ific heat of A1 - 0,045 at % Mn was measured by Martin
from 0.4 to 1.5 ° .73 The offect of the addition of the Mn was to lower
the supecrconducting transition temperature, which is 1.71°K for pure Al,
to O.84°K. Above these temperaturcs the spocific heat was, within the

experimental error, equal to that of Al.

SECTION C. SOLUTIONS OF Mn and Fe IN BINARY ALLOYS.

For a large number of solutions of Mn in the o~phase alloys of the
system Ag-Sn, Cu-Zn, Cu-Al and Cu-~Goc and in the { -phasc of Ag-Sn and

Cu~Sn, the magnetic susceptibility has been measured above 150°K.
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In paragraph 1 of this scction the results for the face—centered cubic
o~phase alloys will be roviowed, in paragraph 2 those for the hexagonal

{ -phase alloys.

B.1 Solutions of Mn in face-centered cubic a~phase alloyse.

The a~phase of the binary systems Ag-Sn, Cu-Zn, Cu—Al and Cu-Ge
has a face-centered cubic structurc and extends in composition from pure
Lgor Cuup to 9at % Sn, 30 at % Zn, 19 at ¢ Al and 9% Ge respectively,
No phase diagrams of the ternary systems considered here are available,
but it was reported that metallographic examination of the alloys used showed
no precipitate of a second phasc.

Magnetic susceptibility.

a) The Au-Sn-Mn system

The susceptibility of a number of a-phase Ag-Sn-Mn alloys with Sn
content varying from O to 10 at % and Mn content betwecn 2 and 17 at % was
measured from 300 to 7OOOK by Henderson and Raynor.74

The measurements were made at one field at all temperatures, no
ordering cffects could be dotected. For the Cu-Mn alloys with high Mn
content (10 at % and more) the magnetic properties arec extremely complicated
and also in those of the alloys discussed here which have a high Mn content
the susceptibility might not be the adequate paramecter to describe the magnetic
behaviour even at high temperatures. 411 the alloys showed however Curie—

Weiss behaviour in thes temperatire range investigated so that the effective

moment per Mn atom, peff, and the constant 9 could be determined.
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For Ag-Mn, peff decreascd with increasing Mn content from 5.7 g
for 2% Mn to 5.0 uB for 17% ¥n. For constant ¥n concentration, peff
increased with increasing Sn content from O to 4% Sn and decreased on
further addition of Sn. This variation is of the order of O.1uB and
must be small compared to the experimental error. It must however be noted
that for all Mn concentrations a similar curve of peff vs Sn-content is
found, which suggests that this maximum is a genuine effect. The parameter
$ did not vary within experimental error with Sn concentration and
increased with increasing Mn content from 1€ for 2 at % ¥n to 320K for

16% Mn,

b) Solutions of Mn in a-phase Cu-Zn, Cu-A1l and Cu-Ge alloys.

Myers and Westin measured the susceptibility of solutions of 1 or 2%
Mn in o~phase Cu-Zn, Cu-£1 and Cu-Ge alloys. The composition of the
solvent was varied over the whole range of the binary a-phese. The
measurements on the Cu-Zn based alloys were made from 150 to 5OOOK, those
on the other systems from 150 to 700°K,the:results showed that the
susceptibility followed a Curie-Weiss law for all the alloys.

In the Cu-£yu-Mn alloys the effective moment per Mn atom, peff,
decreased with increasing Zn content from 4.8uB in pure Cu to 4.5pB for
the alloy at the Zn-rich end of the phase. In the Cu-Al-Mn system peff
was 4.9 + 0.1 g for all the alloys measured and for Cu-Ge peff
decreased with increasing Ge content from 5.0 by for Cu~Mn to 4.7 pB

for 89% Cu - 9% Ge = 2% Mn.
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The values of § lie mainly in the range + 30 + 10°K. As an
extrapolation over a large temperature interval is necessary to obtain
these values from high-temperature measurements, the reported variation

of § is not significant.

B.2 Solutions of Mn in Ae=Sn and Au~Sn ( -phase alloys.

The susceptibility of solutions of Mn and Fe in binary alloys of the
Ag~Sn and Au-Sn ¢ phasc systems was measured by Henderson and Raynor.76
The crystal structure of these binary alloys is close-packed hexagonal,

the compogition range is from 12 to 23 at % Sn for Ap-Sn and from 12 to 16

at % Sn for Au~Sn.

Solubility.

A metallographic investigation of the solubility of Mn and Fe over
[

the whole composition range of the ¢ ~-phase'' indicated a maximum solid
solubility of 20 at % Mn in the AErSn ¢ phase at 48000 and of 5 at % Mn in
the Au -~ Sn ¢ phase at 27500. For solutions of Fe in the Au-Sn phase the

same valuc as for Mn in this phase was found.

Magnetic susceptibility.

The susceptibility was measured from room temperature to 7OOOK of
ternary alloys with varying Ag~Sn and Au-Sn ratio and a Mn concentration
from 1% to the highest possible value as determined metallographically.

The susceptibility followed a Curie-Weiss law for all the alloys,

from which the effective moment peff and the parameter § were determined.
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Ag=-Sn~Mn

For the alloys contaiiing 2 or 5 % Mn, peff decreased with increasing
Sn content of the alloy from 5.8 ug for 13% Sn to 5+4py for 20% Sn.
For the alloys with higher Mn-~concentration peff decreased with increasing
Sn content by 0.2 to 0.3 ng over the composition range of the g'phase.
It was also found that p eff decrcased with increasing Mn content, the
lowest value observed was 5.1 p for a Ag-20% Sn - 18% lin alloy. Within
the experimental crror & was independent of Sn concentration and increased

with increasing Mn content from + 1°K for 2% Mn to + 35°K for 15% Mn.

Au-Sn~ln and Au-Sn-Fe.

Also in these alloys peff decreascd by roughly O.ZpB with increase in
Sn content from 12 to 15%. For Mn, peff decreased with increase in Mn
concentration from 5.7 Py for Au~12% Sn - 1% ¥n to 5.6 By for Au-12.5% Sn
~4% Mn, end for Fe from 4.2uy for Lu~1 g¥Sn-14Fe to 3.8y,for tu~13% Sn -4% Fe.
For none of the two systems a significant variation of ¢ with Au-Sn ratio
was found. For the alloys containing Mn, § increased from 0%K for 1% lMn
to 10% for 4% Mn, i.e at the same rate as in the Ag-Sn=lin system.

For the a2lloys containing Fe a strong variation of 8§ with solute

content was found, here 8§ increased from 0%K for 1% Fe to 80°K for 4% Fe.

SECTION D. SOLUTIONS OF Fo AFD Co IN TRANSITION METALS OF THE
SECOND LORG PERIOD.

The susceptibility of solutions of 1% Fe in the elements between Nb
and Pd in the periodic system and in binary alloys of these elements haw

been measured by Clogston et al. from 1.4 to 3OOOK in a field of 14.000 Oe.
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For the alloys of Fe in Nb - Mo, Mo-Rey, Ru~Rh and in the Rh-Pd
alloys containing less than 30 at % PA the susceptibility follows a Curie-
Veiss law from which the moment per Fe atom, Fpe and the constant 9§ were
determined. A plot of p‘Fe as function of the atomic numbor of the
solvent is given in Fig. 3.

For the Rh~Pd-1% Fe alloys

which contained more than 30% Pd 4

the susceptibility did not follow ; |°h

(s

a Curie-Weiss law. It wes ‘ -
assumed that for these 2lloys the

gusceptibility can be written as

B A
X =X +_Fe; (1)’ (o] 1la b o3 J VA

° 3k(T-9) : SC TI NB MO RE RU RH PO
" - t - - .'t Tt T - T - T ——
where XO is the susceptibility FIG.3 The magnetic ]

moment of an Fe atom in
- solution in other S
! transition metals and {
' alloys. After ref. 78

of the system of Rh-Pd atoms in
the ternary alloy which is taoken

t0 be proportional to Bpy ¢

X = __.X..o_r- (2)
°  uo (1) “Fe
Fe''r
where Xor and p.Fe(T ) are the volues at a tomperaturc T . Equation (1)
T XX 3k(T-9) o
can then be written as = —, (3)
x =X Nipe(Tr)]

Experimental values of the expression on the left hand side of cqu (3)
were plotted as function of Ty from which plot values of Ppg (100°K)
were obtained for the various alloys. It was however not indicated in the

report how the necessary values of X% and Xop WeTe obtained.
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The objections that can be made cgainst this interpretation of the
resultsare firstly thet it is doubtful if a ficld-independent susceptibility
is the adequate parameter to describe the magnetic behaviour of these alloys.
The moasurements wore made in one field only, so this can not be checked,
but the fact that ferromagnetism appcars in some of the alloys of this
system (see below) indicates a more conplex situation. Secondly no
argument for the assumption )(o q;pFe is given. It must be noted that in
the binary Rh-Pd alloys with 30% or more Pd the susceptibility is temperaturec
dependent and has been interpretcd in terms of the collective electron
theory. TIitting to this theory requires that in this system magnetic
interactions in the 44 band take place which cre not strong enough to cause
megnetic order but cause erhanced paramagnetism., If in this system some of
the Rh and Pd is replaccd by Fe atoms which carry a moment, it can be
expected that the susceptibility of the matrix will be affected. The
relation (2) must be scen as & first approximation and although there is no
doubt that in these alloys the moment per Fe atom is large (sco below), the

values of the moment as plotted in Fige. 3 can only be aporoximate.

8.2 Forromagnetism in PAd-Fe, Rh-Pd—-Co 2nd Pd—-Ap—Co

Measurements of the saturation magnetization and the magnctic susceptibi=
13 ;9 80 §1
ity of Pd-Fc and Pd-Co alloys by Gerstenbers; Cranglé and Bozorth ets al
showed that thesc alloys are feiromagnetic zt low temperatures and that if
it is assumcd that only the solutc atoms carry a moment, this moment per Fe

atom is roughly 7uB in Pd~-1.25 at % Fe and that of a Co atom in Pa-0.1% Co
1

X 4KPd

roughly 1OpB. A plot of ve T for Pd-O.1% Co (with the values
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for Pd as found by Hoare for,de) corresponds to a value of the cffcetive

moment per Co atom of 14uB. This value is only approximate but indicates

that at high temperaturcs the moment retains a large value.

82

Bogorth ot al”“ also investigotod Rh=Pd-1% Co and Pd-4g-1% Co alloys

of different Rh/Pd and Pd/Ag rotios In Pd—Ag-1% Co the saturation moment
per Co atom ny

concentration, tho ferromagnctism disappeared for 40% Ag. Also in Rh-Pd-1% Co

and the Curie~tempcrature Tc decrensced with increasing g

a decrease of ny and Tc with increasing Rh content was observed, which was
liowever for low Rh content less rapid than for the corresponding Pd-Ag-Co

alloys; here, T reached the valuc zcro for 50% Rh.

8.3 Electrical rcsistivity

The resigtivity of solutions of Te in Bb, Mo, Rh and Pd was measured

down to 1.8°K by Coles84

s who found in Nb-Pe, where Fe does not carry a
moment, no anomaly in the variation of the resistivity with temperature; while
the other systems in which the Fe atoms are magnetized do show anomelous
behaviour. These anomalies are qualitatively different for the three different
gystems.

lio=Fe.

In Mo-Fe the rcsistivity vs temperature curves are similar to thosc for
Cu-Mn alloys. For a Mo—0.65 at % Fe alloy a maximum at 4°K and o minimum
at 22°K were found which disappcar when the Fe concentration is raised to
1.58%, in this last alloy the rosistivity increases strongly with increaso

in temperature beclow 15°K.
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Rh~Fc.

In Rh~Fe alloys with Bh content between 0.1 and 0.85 at % the difference
in specific resistivity of an alloy and that of pure Rh is proportional
to the concentration and increescs strongly with temperature from 2 to SOOK.
The magnetoresistance followed XKohlers rule and the thermoeclectric powacr,
which below 10°K is several microvolts per degrce increascd with decreasing
temperature down to 1.8%.

Pd-Fe.

In Pd-Fe alloys containing about 0.1 at % Fe the only ancmaly obscrved

is 2 decrecase in resistivity with decrcasing temperature below 2K, no

maximum or minimum have been observed for this system.
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PART IT. SUMIARY OF THE THEORETICAL WORK ON DILUTE ALLOYS

From the experimental results discussed in the previous sections it
is scen that in those dilute alloys in which the solute atoms carry a
megnetic moment the meagnetic susceptibility, electrical resistivity,
magnetoresigtance, specific heat and thermoeclcctric power show anomalous
behaviour. For the alloys in which no moment is observed, i.e. the Al
based alloys and those in which Ni or V is the solute none of these effects
have been found, with the exception that Au-Ni and Cu-Ni have a large
thermoelectric power at low temperatures.

85

Recent experiments by Cape ~nd Hake © on solutions of clements of the
first transition group in Ti, Zr and If also indicated a onc to one
correspondence betwecen the occurrence of an atomic moment and of a
resistivity minimum.

In the following section the theorics developed for dilute alloys
will be discussed ond the application of this work to the experimental
results. The alloysfor which the solvent is z non-transition motal will
be discussed in Section E, the solutions of Fe and Co in other transition

metals in scction F.

Section E. Theorctical models proposed for dilute nlloys of
a btransition metal in a noble metal,

The alloys of a transition mectal and a noble metal in which zn atomic
moment is obsecrved can be divided into two groups showing different
behaviour,; firstly those alloys for which a meximum in thc resistivity vs

temperature curve is found for solute concentrations below 0.5 at % and a
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maximum in the susceptibility at a higher concentration and secondly those
in which none of these two mexima have been found., It must be noted
however that the Cu-Fc system hos not been investigated extensively at low
temperaturos.

The solid solubility of the solutions of the first group is congiderably
highcer than that for thosc of the sccond group, a relation with the magnetic
properties of these alloys is however not obvious.

For all thesc alloys an anomaly in the specific heat and a negative
magnetoresistance have becn obscrved.

No general theory has bcoon given describing various propertics of the
alloys, but sevcral models have boen put forward, each of which deals with
one aspcct of the observed phenomena. This theoretical work can be
classified according to the physical property treated and will be discussed

with the application to the experimental results in the following

paragraphs ¢
1. magnitude of the ntomic moment.
2 interactions bctween atomic moments
3. magnetorcsistance
4. electrical resistivity
5. specific heat

6. thermoelectric power.
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§.1 Magnitude of the atomic moment.

The existing theorics an atomic moments and the qualitative explanation
of some properties of Cu~ and 41 based alloys in terms of thcose theorics
have been discussed in Chapter I. It was shown that the 3d-statos
associated with a solute atom are broadened in energy by interactions with
the Bloch states of the solvent. TFor the width of & state the expression
A =ﬂ1:de%> o (E) (1) wes derivod16, where V,, is a parameter describing
the interzction of the 3d statc with a Bloch state and @ (E) the density
of the Bloch states in encrgy at the encrgy of the virtuzl state. Equation (1)
shows that a low density of states at the Femmi-encrgy EF’ causing only a
small broadening will be favourable for the existence of a moment. The
electronic specific heat Y of the solvont which on a simple model is
proportional to/D(EF) will therefore be comparcd with the observed solute

moments. For Cu, Ag, Au and Zn the values of ¥ lie close together and are all

25

in the range 1.6 to 1.8 x 10'"4 cal. +« This is consistont with the fact
molo deg

that the moment on a Mn atom is roughly the same in these solvents., For Fe
the comparison can not be made as the moment per Fe atom in Cu in strongly
dependent on the Fe concentretion which indicates a more complex situation,

In solutions of transition metals in 41 (y = 3.5 x 10—4ca1/ ) the

mole deg2

solute does nct carry a moment. This is consistent with the theory which
then also predicts the absence of or a law wglue for the moment on a2 Ma

atom, dissolved in Mg (y= 3.25 x 10 %cal/ 2), For this moment values

mole deg
of 2.9 and 4.1uB have however been reported. This model then holds only if
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<de2 > in equ (1) is lerger for Mn in Al than for ¥n in Mg, It is not
unlikely that the intoraction of the 3d-state on a Mn atom with a Bloch

state with s~symmetry will bc different from that with a Bloch statc with
p-symmetry. The average valuc of dee will then vary with the ratio of
the numbers of band states with s-character and with p-character. It
might be possible that along these lincs a difference in the values of<:de%>
for Al and Mg can be cxplaincd, this problem is however too complicated
than that any morec detailed comparison with the experiments can be made.

For Cu~Zn a~phase alloys of different Cu—~An ratio specific hoat
measurements have been reportod.86 fhis allows, for the arCu—Zn—1% ¥Mn alloys
a comparison of the elcctronic spececific heat of the solvent with the
momcnt of a Mn atom in solution. Yy, plotted as a function of Zn concentration
shows a maximum at 20 at % Zn, with a value of about 4% above that of
purc Cu, while the effective moment por Mn atom, peff decreases monotonically
with incrcasing 2n content from 4.8pB to 4.5pB on the a~phasce The simplest
cxplanation here is thet the variation off)(EF) is not large cnough to
modify the width of the 3d statc on a Mn atom and that the change in peff
is the result of 2 gradual filling of the spin up and the spin down part of

4

the 3d-tevel. In these terms Hendorson and Raynor ' interpreted the results
on the fAg-Sn-Mn alloys of low Mn content, taking also into account the
possibility of transitionsof electrons from the 3d state into the conduction
band as a result of the chenge in lattice parameter over the phose. However

the prescnece of g number of parametors whiech cano not be estimated and have

to be treated as adjustable rulcs out any quentitative comparison of the
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theory of the virtual bound state with the experimental values of atomic

momentsa.

8.2 Interactions betwcen atomic momeonts.

Experimental information about these interactions is the value of the
Curie~Weiss constant 9 and the temperaturce of the susceptibility maximum.
In Cu-Mn, Ag-tn and Au~Mn the value of § derived from the high-tempcrature
points, 1s positive, which: indicates ferromagnetic interactions while at
low temperatures a broad susceptibility maximum at temperature TN is
observed, indicating antiferromagnctic order. ¢ and TN incresse with
increasing solutc concentration.

No theoretical work has been applied to other alloys than thesc.

The work by Yogida and Blendin (Ch.I) only shows that magnetic interactions
in dilute alloys are possiblc but does not predict under which conditions
these will be ferro— or antiferromagnetic.

The spin-density wave model (Ch.I) will lead to antiferromagnctism
and was proposed as the explanaticn of the properties of Cu-Mn alloyse. The
consequences of this model for the shape of the susceptibility vs temperature
curves were however not investigated.

The molecular field model for Cu-lMn.

The experimental result thot in Cu-Mn the Curie-Weiss constant § is
positive whilc at low temperaturcs antiferromagnetic order is found was
cxplained in terms of the following moleculgr field model by Owen ct al39.
Assume that the sites of the Mn atoms can be divided into two sublattices,

A and B, assume further thgt the short range interactions between a Mn ztom on
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an A site and one on a B site is antiferromagnetic, those beiween two Mn atoms
on the same sublattice ferromagnctic, and that both these interactions are
independent of temperature. Then a straightforward molecular field argument
shows that subject to conditions on the interaction parameters introduced,
the above-mentioned experimental rosults arc predicted qualitatively. The
predicted meximum in the susceptibility is however a sharp peak, while the
experiments show a broad transition. If it is now assumed that the actual
structure of the alloy deviates from the ordered structure cssumed above,
the moclecular ficld at the Mn sites will no longer have one well defined
value. There will be instead a ronge of possible valucs and different Mn
atoms will in gencral be in a differcnt effective field which will broaden
the transition: region in temperature.

The pair-interaction model for Cu-Mn.

The same problem was discussed in different terms by Dokker26, who
considered the interactions bciween pairs of randomly distributed solute
atomss As in the previous model, thesc interactions arce introduced formally.

Be7\1 the distance between nearest neighbours in the Cu~Mn lattice
and7\2 that between next nearest neighbours, the Mn atoms can then for low
concentrations be classified os follows s

1. single atoms which have no cther Mn atoms at distance?x1 or7\2

2e ncarest neighbour pairs, two Mn atoms at distancék1, nonc of

which hns another Mn atom at distance'%1 or )é’

3. next nearcst neighbour pairs, two Mn atoms at distance N, none

2

having another Mn atom at distence 7} or7\2;
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The interaction in a ncarcst neighbour pair is assumed to be anti-
ferromagnetic, in a next ncarcst neighbour pair ferromagnetic and both
interactions arc taken to be temperature~independent. The susceptibility
is then the sum of the contributions from the single atoms and the pairs.
The detailed calculation of the megnctic behaviour in this model is extremoly
complicated, although this is possible in principle. It can however be
shown simply that at high temporaturcs the susceptibility follows a Curie~
Wieiss law and that positive values of 9 are possible, depending on the
valuecs of the interaction parameters. From this argument it can also be
seen that 8 is strongly concentration-dependent.

It was shown that for a very simplified model the desired broad

maximum in the susceptibility is found.

8.3 Magnetoresistance.

It has generally been found that the resistivity of 2 pure metal.
increases as the result of the applieation of a magnetic field. Iflp is
the charge is resistivity, this is then positive and the relationNoa ia
holds where H is the magnetic i’ield.27

For the alloys discussed in Soction A paragraph 1 and paragraph 2 , AP
is smaller than the values for the purc solvent and is, oxcept for very
dilute golutions, negative. The fact that this behaoviour is only found in
alloys where the solute atoms arc magactized suggests a spin~dependont

scattering of the conduction electrons by those soluto atoms. If it is

assumet that the cross-scotion for tho elastic scattering of a conduction
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eloctron by an impurity atom with spin parallel to that of the electron,
U-p,is different from that for the casc of antiparallel sping Uép and only
elastic scattering is considercd, the resistivity in a magnotic field due

to this scattering mechanism can be written as
(5t W) (07 &)
— (3)
+ -~
o o
(w+w) ( . ap)

sy

P (H) =P (o) - %

vihere Ni ig the number of impurity atoms with spin.i%a.

Equation (3) shows thatdp is nogotive and proportional to (N+ - VF)Z
i.cs to tho squarc of the magnetization of the alloylp= g (4). This
rolation has been found exporimentelly for the alloy systems for which this
has been investigated, Cu-Mn and Cu-Co. 4 difference between these two

systems is that a in (4) is temperature dependent for Cu-Mn and temperature-

independent for Cu~Co.

B.4 Electrical resigtivity.

It has been found in gencral thot non~magnetic impuritics increasc
the resistivity of a metal by a temperature-independent amount. The fact
that a maximum and a minimum in the rcsistivity vs temperaturce curves
have only been found in sclutions of atoms, which carry a moment suggests
that the mechanism responsible for those anomalies, as that for the
magnetoresistance discusscd in poragraph 3, is the interaction of the
conduction clectrons with the sclute ztoms. All theories given to oxplain
these anomalies arc bascd on this principle. A summary of these models is

given below.
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a) Korminga and Genﬁtsen8 showcd.that formally a resistivity vs
temperature curve having a minimum ot low temperatures can be described

by standard resistivity theory if the relaxation time/Tis zerc for electrons
in a narrow energy range containing the Fermi-level (taken as E=o). The
assumption that =0 for elecctrons in an energy range QAaround energics i_E1
leads to & maximum and a2 minimume. By a proper choice of E1 andA it was
possible to find theoretical resistivity curves which fit the experimental
date extremely well, for tho systems Cu-lin,Ag-Mn,Au-Mn and Au-Cr. The
valucs needed for o gooed fit were E1 from 2 to 1OOK and A from 0,2 to 1OK.
Physicelly this can be interpreted as a situation where states, not
belonging to the conduction bend, exist which have energy iE1 and cause a
rescnance in the scattering of conduction electrons of these cnergies.

In a one-electron model this assumption has no physical justification for
the following rcasons s firstly there is no reason why such cnergy levels
should liec just at the Fermi-ecncrgy ond secondly, a one-clcctron theory

as discussed in Chapter I predicts o broadening of these states in cnergy
to at least 0.1 oV ( ®1000°K). Thercfore the authors proposed as a
hypothesis that the introduction of the impurity causes some change in

the system of conduction electrons as o whole and that, if the alloy is
described by o one-elcectron model, this change can be represented by an
increase of the density of stotes in one or two narrow encrgy ranges near

the Fermi-energy. No theory, proving the possibility of the oxistence

of these states has however been put forward.
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b)  Schmitt and Jncobs 0740

suggested that magnetic ordering of the
lattice is a condition for the appearance of the observed resistivity-
anomalics. The relevant mechonism they assumed to be the scattering of
conduction elcctrons by solute atoms, which is temperature-dependent for
the following rcasons. Below the magnetic ordering temperaturc the spin
degeneracy of the impurity atoms is removed and inelastic scattering
processes will take place, involving the reversal of the spin of the
conduction electron and the transition of the atom into a different stote.
At zero temperature this part of the scettering vanishes because no empty
states are available as final statcs for the eloctron and the magnetic
atom. The inelastic scattering tlns deccrcascs with decrcesing tomperciars.
If the cross—section for elastic scattering depends on the relstive
orientntion of thc itwo spins, o similar argument as given in paragraph 4
applics. Below the transition temperature, a change in temperaturc will
cause a change in the occupaticn of the different statcs for the solute
atoms. This will change the fraction of scattering events with a2 certain
initial oricentation of the spins concerncd. If the cross—scction for
elagtic scattering for lower lying states of the impurity otom is larger,
the elastic scattering will incrcasc with decreasing temperaturec.
A combinaction of these elastic and inclrnstic scattering mechanisms could
explain the observed maximum and minimum. No more detailced theory wes
given by these authors but these idens have been applied in subscquent

work by others.



93.
¢) A more detailed treatment along the lincs suggested by Schmitt and
Jacobs was given by Yosida91. Here magnetic order of the Mn atoms is
assumed and the resistivity due to s—d scattering of conduction electrons
by these atoms worked cut. The g-d interactions considered were those
between the 4s~conduction electrons end the 3d-electrons on the Mn atoms
ond were taken to be of the form H =2V(_I_'_.1-B_n)—2 iE,nJ(£1-En) 88, (5)
i.e. & spin-dependent and a spin-independent part hex-e_;-_.1 and 4 are the
position and the spin of a conduction elcctron, Bh and §n those of
a Mn atom, V represents the screencd Coulomb potential of a Mn atom and J
the 3d-4s exchange integral. The calculction ig done in the following
way ¢ firstly it is shown that the rosistence R is proportional to
@EF+ +AEF—)-1 (6) where AEFi is the shift of the Fermi sphere for +
spins as a result of the application of on electric field. These Eﬁt must
be found from the Boltzmann equation(%—%) +<%t£> =0 (7).

Tield coll
The contributions to (7) of elastic and inelastic collisions arc written

in terms of the potantials V and J and onlEft o These are then substituted

into (7) after which AEFi are found ond substituted into (6)s This leads

W 2
to & complicated expression for R which can be written as R m.-{% - 22 M2
"o

(8) where WO is a transition probability which is equal for + and ~ spins,

w a constant and M the magnetization of the Mn system. For a simple anti~
ferromagnetic order of the Mn atoms M=o. The complete expression for (8) can
then be simplified and is found to increase gradually with temperature from
T=0 to the Neel témperature and to remain constant from there, so that

for this cese the theory does not prcdict the anomalics. The condition mt+o

is however not likely to be fulfilled over the whole valume of an alloy and
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for most alloys the sccond term in (8) will have to be considered. As
Yosida pointed out the resistivity due to s-d intcractions as discussed
here will be large for high solute concentrations, and if these interactions
would be responsiblc for the resistivity meximum and minimum, it would
not be clear why these anomalies ore not observed for higher concentrations.

For the chango of resistivity in a magnetic field where M ¥ o this

theory predicts the relation Do q M? as is obscrved experimentally.

d) Brailsford and Overhauser92 considered the seottering of conduction
electrons by ferromagnetically coupled pairs of solute magnetic atoms,.

If the spin of a solutc atem is S the total spin I of the pair can have
values between 0 and 25 and the encrgy difference between stotes of
different values of I depends on the interactirn between the atomic spins.
It is expected that the cross~section for the elastic scattering of 2 con~
duction electron by a pair is larger as thevaluc of the total spin I of this
palr is higher. If the coupling is ferromagnetic the occupation of states
with high valucs of I will increaso when the temperature is lowered and
conscquently the avorsge elastic cross-section also. The temperature-
dependent inelastic scattering which is the result of the s~d interactions
between the conduction clectrons and the impurity atoms will decrensc as
the temperaturc is lowered becouse less cmpty states into which transitions
can be made become availables The total change of the secattering when

the temperature is lowercd is thus tho differcence betwecn the inerezse in
elastic and the decrease in inelastic scattering. A consideration of the

interference of waves scattcred Ly the two atoms of o pair led to the
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conclusion that the elastic scattoring predominates and thus this treatment
explains the resistivity minimum.

Because this mechanism is due to pairs of solute atoms it is expected
that for dilute solutions the size of the minimum will be proportional to

the squarce of thc solute concentration.

e) I)ekker93 gave a treatment of the clastic scattering of conduction
electrons using a modol similar to thnt applied to the magnetic propertics.
(paragraph 2).

The basic assumpticns are ¢ 1. The solute atoms can be divided into
single atoms and nearcest ncighbour pairs, defined as in paragraph 2, this
means that only very dilutc alloys arc considered, 2. therc is o magnetic
coupling betwecn necarest neighbour sclutec atoms, which can be either ferro—-
or antiferromagnctic, 3. the scottoring potential of a solute atom for a
conduction electron can be written as the sum of a spin-independent and a
spin—-dependent term.

rpressions for the cross—-section for elastic scattering by single
atcus and by the above mentioned pairs wore derived in terms of the scottering
potential. The last part contained a torm arising from the interforence of
the waves scattored by the two ntoms of o pair. The total elastic scattering
cross—section Q,el was found to vary with temperature T if the magnetic
interaction betwecn the nearcst ncighbour solutc ~toms is non-zcro and,
depending on the above-mentioned interference torm,-ig%i was either positive

or negative. It was assumed that the model leading to a ncgative value for
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aq
—3%l is applicable to thce actual alloys and that the appearance of a

resistiviity maximum is the rcsult of the decrease of the inelastic
scatiering at low temperaturcs ns suggested by Schmitt and Jacobse This
last effect was however not considerced in more detail, It must be noted
that herc, as in the theory of Erailsford and Overhauser the interference
of the waves scattered by nearcst neighbour impurity atoms, is of major
importanccs It was also shown that this treatment leads to a decrease

of the resistivity in a magnetic fisld.

§.5 Specific heat.

The specific hent anomalies cbscerved in dilutc alloys have in most
cases becen interpreted as brondencd Schottky anomalics, as discussed in
Sec. A paragraph 1, arising from the ordering of atomic moments in a
molecular ficld. For few morc detailed featurcs of the experimental curves
has it been possible to account in .a thecoretical model.

The fact that the specific heat of Cu-Mn alloys at low temperatures is
indepesdent of concentration was explained by Overhauser22 on the spin
donzity wave model (Ch.I) which also gave the correct order of megnitude
of tho specific heat at the temperaturcs considerad.

Marsha1194 explained the same experimental result using a moleculnr
field model. This has the adventoge abovo the spin density wave theory
that no new principle has tc be introduced. In this work the concept of

the moleculer field in a dilute alloy is examined. Because this field will
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vary over the volume of the slloy it ie necessary to introduce the
function p (H,T), the probability of finding et a lattice point a field

H at a temperature T, For a lattice in which all the atoms carry a

moment énd in which there issperfect antiferrcmagnetic order,lHi will have
one well defined valuc h(T) at a given temperature so that p(H,T) = % for
H = + h(T) and zero for all other values of H, while h(T) is zero above the
ordering temperature. In g dilute alloy the solute atoms surrounding a
given atom will not all have the samc spin orientation and not .all be at
the same distance from that atom so that for lHl a range of values is
possible. The distribution function p(H,T) as function of H will have the

shape as shown in Fig.4.

The interaction between ' PH,T)

the atomic moments was taken

to be of the form derived by /(//”\\‘-—"’-\\\\\

Yosida (Ch.I). The energy of

o H
FIG.4 Probability-

the system is distribution of the g
. molecular field in a
B(T) = =% N H.T)uH tanh B2 {aH - dilute alloy.
(1) = -3 cg{p( ) w} (), diute sliay.

where g is the moment per solute atom, N the
number of lattice points and ¢ the impurity

concentration. Differentiation Qf(9) givos the specific heat C At low

M.
temperatures only smell values of H are found to contribute to CM’ which
means physically that only spins in small effective fields give risc to

Schottky anomalies, while those in stronger ficlds remain rigidly aligned

and do not contribute to the srecific heat. Application of this result
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then leads for low temperaturcs to a concentration-independent expression

for CM’ in accordance with the cxperiments.
i

8.6 Thermoelectric power.

For a metal in which the scattering of the conducticn electrons is

purely elastic, the ccllision toerm in the Boltzmann equation can be
fk(E) - fO(E) 27

W & ] -a—-f = - o .
written as\gy/ , = = (10)  where fk(E) is the

distribution function for woave vector k, I the energy, fo(E) the equilibrium.
value of the functicn, and 7 the relaxaticn time. In this cagc the

thermoelcetric power arising from clectron diffusicn can be written as52

3e abB dn dE

(11)

7 2K°T ( dln 5(E) din v° dln T }

B-Ep

where N(E) is the density in cnergy of conduction elesctron states, ¥V +the
velocity of an elcetron and EF the Fermi- energy. At low temperaturcs this
model predicts values of ® of at most 0.1 uV/bK « For several dilute
alloys, mentioned in Sec./ paragraph 1, valucs of several uV/@K at
temperature below 20% have been reported. Because these anomalously high
values are found in allcys in which also the resistivity shows ancmalies,
the explanation of this behaviour hos becn sought in some anomalous
scattering mechanism for the conduction electrens. The lrst term in
equation (11) already indicatos that if 7 is strongly energy<~depenident at
E=EF large values of S are possible, but if inelastic scattering is token

into account, equation (10) and thus also (11) do not hold.
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A simple model has been put forword by Guenault and MacDona1d95
in which the scattering of the clectrons is partly elastic, partly inelastic.
Within the limits of this model it was possible to derive a relation
similar to (10), which contains a relaxation time 7' describing the total
scattering of the elcctrons. This theory assumes two groups of conduction
electron states, electrons can be scattcred elastically into a state in
the same group, while the scattering into the other group is an inelastic
processe. Thc elastic relaxation timecs of the two groups,‘r1 and’l'2 arc
taken to be different. It is now assumed that it is justified to work with
a distribution function for each group and to write for these functions
equations similar to (10). Then it is shown that the total scattering can
be represented by cne relaxation time 7'. In analogy with (11) the last

/ a 1n7-

term in the cxpression for S is then written as S'a&\ >E% (12)
From this relation it is seen that, if 7' is strongly encrgy-dependent and an
asymmetrical function of E with respect to EF’ large valucs of S' are
possihlac. If'r1=’r2 the inelastic scattering does not affecet 7', so that
no anomaly is expccted. The samc applics if the inelastic scattering is
either very large or very small comparcd to the elastic part.

This idca can be applied to the picture of alloys discussed in
Sec, A paragraph 1 as a gas of conduction electrons scattering by magnetic
impuritics. The two groups of cleetrons mentioned above are those with + and
those with = spin. The scattering of an celectron in which the spin is not

reversed, is elastic and the relaxation times for the elastic scattering

must be different for the two groups. The transition of an elcctron from
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one group to the other, i.c. the reversal of the spin, involves also a
transition of the solute atom into o different state, since the total spin
must be conserved. This part of the scatitering is inelastic. The relation
(12) is thus applicable to this system and if the elnstic and inelastic
relaxation times obey the conditions mentioned above, a large thermoclectric
power is possible. The work by Guensult and MzocDonald only indicates the
rrinciple of the method, De Vroomen and Potters96 have treanted this problem

in more detail.
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SECTION F.,  SOLUTIONS OF Fe and Co IN OTHER TRANSITION METALS,

For solutiongof Fe in eclements of the sccond transition group and
alloys of those elemcnts, the experiments show that the magnitudc of the
moment per Pe atom depends on the number of 4d-celectrons per atom of the
golvent. Further the saturction megnetization of solutions of Fe and Co
in P4 and Pd-Rh indicates a large moment per solute atom and the resistivity
of those alloys in which the solute carries a moment shows anomalies.

The theoretical work summarized in Section E can be expected to be
applicable also to these alloys. Because of the large differences observed
between the solutions, the following section will be divided according
to alloy system, in the following paragraphs :

1. Nb-Mo-1% Fe allcys.

2, Rn-Fe alloys.

3¢ PFe and Co in Pd, Rh-Pd and Pd-ig.

B.1 Nb-Mo-1% Fe alloys.

Be Magnitude of the atomic momente.

In this alloy system the Fc atoms do not carry a moment if the Mo
content of the alloy is lower than 40%. In a (NbOD4Moo.6)1% Fe alloy a
moment of O.3uB is observed, which increases rapidly with o content to 2.1uB
in pure Moe. For the Nb-Mo alloys spceific heat measurements arc available
80 that the electronic specific heat ¥ can be compared with the atomic

momont as in Sec.s paragreph 1. For those binary alloys ¥ decreases strongly
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if the Mo-concentration is raised from zero to 40% and remains constant
on further addition of Mo,

According to the theoxry given by Anderson16, a low density of states
of the solvent is favourable for the existence of a moment ond the
appearance of a moment at 40% Mo is in accordance with this model., A4s
Anderson however pointed out the strong increase of the moment with

increasing Mo content of the matrix can not be explained in these terms,

b. ILlectrical resistivity.

The variation of the resistivity with temperature for Mo-Fe alloys
is similar tc that for the noble metal-transition metal alloys discussed
in Sec.A paragraph 1. This is the only evidence known of a resisgtivity
meximum and minimum in an alloy of two transition metals. The theoretical
work done to explain this phenomenon has been discussed in section E,

paragraph 4.

8,2 Rh-Fe alloys.

B Electrical resistivity.

In these alloys the increase in resistivity Apas a result of the
addition of Fe is proporticnal to the Fe content ¢ for Fe concentrations
up to 0.85 at % at all temperaturcs observed. This suggests thet A0 is
due to the scattering of conduction cleectrons by single Fe atoms., The
strong increase in OO0 with temperature suggests the transition of the Fe
into a state in which the atoms have a higher cross-scection for the

scattering of conduction eleoctrons.
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b. Thermoeloctric power.

The thermoelectric power S is of the same order of magnitude as
that for the alloys discussed in Scc.l. paragraphs 1 and 2., The temperature
dependence is however entirely diffcrent. For the noble metal based alloys
S decroascs below 49K in absolute valuc with decreasing tempcraturc whilc

for the BRh-F¢ solutions no such decrezse has been observed dovm to 1.8°K.

§.3 Pa-Fe,Pd-Co,Rh~Pd~Co,Pd-Az~Co.

In the Pd based alloys a very large moment (7 to 1OpB) per solute
atom is found. It was assumed by Gerstenberg, Crangle and Bozorth et al.
that this is partly localized on the PAd atoms which are nearest ncighbours
to a solute atome. Recent neutron-diffraction experiment597 on a Pd=~1% Fe
alloy showed the presence cf a moment even on atoms which are next nearcst
neighbours to an Fe atom. This polarization of Pd atoms can be interpreted

78

in toerms of the model given by Ologston'~ which gives for the spin on a gite
which is a ncarcst neighbour to a solutc atom the exprcssion{)(EF) 5,7 (13)
wherel)(EF) is the density of 4d~states at the Formi-energy, S_ the spin

as the central Fe site and J' the cxzchange integral betwcen the Fe and a
nearest neighbour Pd atom, which Clogston estimated at 0.1 oV. Taking for
the Fe atom SO=1 and for'p(EF) the value of 2 states per eV per atom aos
derived from the clectronic specific heat of Pd one finds a value 0.2

for the spin on a Pd atom which is of the required order of megnitude

to explain the cxperimental rcsults. Vhen in a Pd~Co alloy Pd atoms are
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replaced by Ag or Rh the moment on a Co atom decrecases. This decrease
is more rapid ir the case of Ag than for Rh as third component. This
difference in the rate of fall-off with Rh or Ag-concentration might be
explained in the following ways 3

1. Ag nor Rh carry a moment but g reduces the Pd-Pd

interactions stronger than Rh does.

2+ The density of states in the Rh~Pd system is
higher than that in the Pd-Ag system and Equ (13)
predicts thus a higher moment on a Pd in Rh~Pd-1% Co

than in Pd-Ag-1% Co.

3« The Rh atoms are polarized as Pd, though to a

lesger dogree.
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CHAPTER IV

EXPERIMENTAL TECHNIQUES

In the present investigation the magnetic susceptibility has
been measured of ternary solutions of 0.1% of a transition metal of
the first long period in 7, € and ¥ phase Cu-Zn alloys. Also
measured were some solutions of Fe in Mo, Rh and Ir, in which, as was
mentioned in Chapter III, resistivity anomalies were found by others.
The measurements were made in the temperature-range from 1.8 to 290°K.

In Part A of this chapter the preparation and treatment of the
alloys used is given. In Part B the susceptibility-balance and the

low-temperature apparatus used are described.
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PART A.  ALLOYS

Introduction

(a) The solubility of transition metals in Cu-Zn alloys

For femmary golutions of Cr, Mn, Fe or Co in¥yY and € phase Cu~Zn
alloys no phase diagroms are avallable. That singlo=phase alloys
containing Q.1 at % of transition metal can be prepared is likely for
the following reasons:

Y = phase: The systems Mn~Zn, Fe~Zn and Co-~Zn also form a Y phase
with e/a between 1.54 and 1.70 assuming zero valency for the transition
metal-98 Therefore it canbe expected that ternary Cu-Zn-X alloys con-
taining small amcunts of one of the above-mentioned transition metals
will be stable, For Cr—-Zn no data are available.

€ ~phase: Henderson and Willcox99 found that there is a complete
range of solid solutions between the € phases of the Mn-Zn and the Ag-Zn
system. The phase diagram of Ag=Zn is very similar to that of Cu~Zn so
that it can be expected that also a dilute solution of Mn in € phase
Cu-Zn will be stable. The systems Co-Zn and Fe-Zn do not form a
hexagonal € or ¢ phasg and for Or-Zn no data js available,

Although thus no phase diagrams for these ternary systems have been
published it is likely that single phase solutions (Cu~Zn) - 0.1 % x
will exist. A number of these alloys was prepared and metallographic

examination did not show the presence of a second phase in the specimens.
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(b) Solutions of Fe in Mo, Rh and Ir

The solid solubility of Fe in Mo has been reported as 16.7 at %

at 1480° C and 4.5 at % at 1100° c.3®

solutions exist up to 14 at % Fe'%0,  For the solid solubility of Fe

In the Rh~Fe system solid

in Ir no data are available.
(c) The alloys of which the susceptibility was measured in this
investigation weros
Zn = 0.1 at % Fe
Cu-Zn, 7n rich end of the & phase (15% Cu) with 0.1% Mn added,
momowomoomoowoww o owwoowom 04fCo ™

Cu~Zn, Cu rich end of the & phase (19% Cu) with 0.1% Cr added,

"non n 1" n n n on ] " n ] 0. 1% Un "o
" oon " " 1 " onoon " n ] n 001% e "o
noon " n n n onon " " " n 0.1% Co LI

Cu~Zn Y phase (62% Cu) with 0.1% Cr added,
nomowow mowom 0,4%C ",
Cu~Zn ¥ phase of three different Cu/Zn ratio's (41, 37 and 54% Cu), each
with 0.1% Mn added, and the same three Cu~2Zn alloys, each with 0.1% Fe
added, Purther Mo - 0,65 at % Fe, Rh - 08 at 4 Fe, and

Ir - 08 ot % Fe

In the paragraphs 1 to 7 the casting and treatment of the Cu~Zn -
based alloys will be given. The preparation of the solutiomsof Fe in
Mo, Rh and Ir requires different techniques and will be discussed in

paragraph 8.
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Cu-Zn basedy ,eand 77 phase alloys

§.1.Genera1 remarks.,

The € and 77 phase alloys have a hexagonal crystal
structure and the possibility that the susceptibility will be aniso-~
tropic can not be excluded. To get meaningful susceptibility
results it is therefore necessary to work either with single crystals
or with polycrystalline material of small grain size. It is difficult
in this case to produce single crystals without concentration
gradients over the volume of the specimen, while a homogeneous
polycrystalline sample can easily be prepared by quenching the melt
and annealing the specimen for a not too long time, so that the last
procedure was followed. For the cubic 4 phase this problem does not
arise and a larger grain size can be tolerated.

In all these alloys the danger exists that during the melting
process Zn will evaporate from the melt and condense in colder parts
of the tube which leads to a deviation from the intended Zn content of
the alloy. For Zn-Fe alloys this only means a small increase in the
relative Fe content, for the & andy phase alloys however this will
cause a difference from the intended composition of the matrix, the
consequences of which are discussed in Chapter V (introduction). On
the other hand it is essential that all the transition metal goes into
solution. To make sure that this will be the case without the
necessity of having to keep the melt at a temperature much above that
of the liquidus for a long time it was decided to cast first an alloy
of a few percent of the transition metal in Cu and then to melt this
with Cu and Zn to give the ternary alloy., If in the binary Cu-X

master-alloys the components are thoroughly mixed the transition



109.
metal will be well dissolved in the melt of the ternary alloy because
Cu and Zn mix readily. The required shape of the specimens to be
used in the susceptibility-balance was that of a cylinder of 2 mm

diameter and a few mm length.

§;2. Starting materials.

The sources of the purc elements used for the preparation of
the Cu-Zn based alloys are given below. The indications in brackets
will be used in Appendix A as a reference to the material,

Copper (a) a rod, supplied by Johnson, Matthey & Co.
spectroscopically pure. (8)e
(b) two other rods supplied by the same firm from a different
batchs, The impurity content was specified as 3 pe.p.m.
Ag, 1 p.pem. Fe, 1 p.p.m. Pb, (JM),
Smaller pieces were cut from these rods and etched for 20 minutes in
1:3 HC1
Zinc (a) = bar supplied by L. Light & Co., the purity specified
as 99.995 Zn - 0,004 Pb, (A)
Pieces were cut off with a hacksaw and etched in dilute HCl.
{b) Zinc shot, supplied by the same firm, 6N pure.
Used as supplied. (L).
Chromium supplied by Johnson, Matthey & Co., Fe content
specified as 0.3%, used as supplied.
Manganese supplied by the same firm, purity 99.98%, used
as supplied.
Iron supplied by the same firm, in the form of a wire.

Spectroscopically pure. Small pieces were cut off with
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side-cutters and etched in dilute HC1
Cobalt supplied by the Metallurgy Department of Imperial
College. Spectroscopically pure. Used as supplied.

§‘3. Preparation of the Cu — X master alloys.

Four Cu-based alloys containing 2% Fe, 2% Co, 2% Cr and 1'3% I
respectively were prepared; The elements were put in alumina crucibles
and melted in an induction furnace at a temperature between 1100 and 1400°¢
for about 15 minutes in an Argon atmosphere. An advantage of this
method is that the liquid Cu was stirred vigorously as a result of which
the transition metal could dissolve quickly, The melt was then left
to cool., After removal of the specimens from the crucibles some
alumina was found to be stuck on the alloys, this was ground off on a
grinding wheel and the alloys etched to remove possible contamination
from the surface. The master alloys were then treated in the same
way as the pure Cu mentioned above.

§.4. Alloy preparation

Weighed quantities of Cu; Zn and the relevant master alloy
of a total weight between 5 and 10 gram were put into a guartz
,/kﬁ tube as shown in Figure Ia, which was
then evacuated while being heated at
about 200°C and sealed off.

The tube was then, with the thin end

upwards, kept in a furnace at 5000 above

~0Y%

the liquidus temperature and shaken
every 5 or 10 minutes to mix the

constituents. At the end of the melting

A
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time, the furnace with the tube was turned upside down and the liquid
cast in the thin end as shown in Figure 1b., The melt was then left
for another 10 minutes, being shaken several times and quenched
quickly, the thin end of the tube being lowered in water. During
the quenching the tube was broken., If this procedure is followed
the alloy solidifies gradually from the lower end of the tube and
due to the weight of the liquid above, any empty volume caused by
contraction of the melt on solidfying will be filled up. It was
however found that the liquid ejected gas when solidfying which caused
small spherical holes in the sample. |

A Zn - 0,1% Fe specimen (referred to as Zn-Fe I), cast in the
above-mentioned way was found to have a temperature-independent
susceptibility equal to that of pure Zn. It was concluded that the
specimen did not contain any Fe and a different alloy, hereafter
referred to as Zn-Fe II preparcd in the following way: 2Zn and Fe
were kept molten at 300°C in a wide quartz tube for 5 hours, being
shaken every 15 minutes and quenched rapidly in water. This sample
was thon remelted and cast as the alloy Zn-Fe I.

§.5; Specimen treatment

After removal of the quartz from the sample the thin end was
cut from the wider part with a hacksaw after which it was etched in
1:5 HCl to remove Fe contamination. The extremely brittley brass
specimens could be broken casily. The 2 mm wide cylinders were then
annealed to homogenize the alloys. The e phase specimens were sealed
in vacuo in separate pyrex tubes and annealed at a temperature just

below that of the liquidus. The ¥ brass alloys were annealed in
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vacuo at 700°C at which tomperature the danger exists that Zn will
evaporate from the specimens; These specimens were therefore all
put into one close-fitting quartz tube, separated by small pieces of
quartz to avoid diffusion from one specimen to another and a few mg
of pure Zn were added to create a certain vapour pressure of Zn to
avoid evaporation from the samples. At the end of the annealing
time the g and ¥ plane specimens were quenched in water.

The Zn-0.1% Fe alloys were supersaturated solutions and could
therefore not be annealed.s These specimens were kept in liquid
nitrogen from the moment of casting till just before the low-temperature
measurement, The total time the alloys were at room temperature was
approximately 2 hours.

For a susceptibility measurement specimens of between 100 and
130mg were cut from the cylinder with side cutters, the surface was then
ground with emery paper to remove oxyde and, in case Zn had evaporated
from the sample, the surface of low Zn content. These specimens
were then etched in 1:5 HCI; rinsed in water, dried and put into the
susceptibility balance. Details of the preparation and treatment of
the alloys are given in Appendix A.

§ 6e Metallography and chemical analysis

To check on the pressure of precipitates of a different
phase; the alloys were examined metallographically. Mounted
specimens were ground with emery paper and polished, forst on a disc
with diamond powder and next with alumina on a sylvet cloth,

Also the brittle ¥ brass alloys could be polished satisfactorily

in this way. The samples were etched with ferric chloride and
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examined under an optical miocroscope. In two alloys; 0.1% solutions
of Fe and Mn in a Zn rich € phase Cu - Zn solvent with Cu - Zn ratio
close to that of the phase boundary, (14% Cu), a precipitate in the
grain boundaries was observed, which was assumed to be 77 phase.

These alloys were therefore not used and replaced by the corresponding
solutions in 15% Cu - 85% Zn. In none of the other specimens a
precipitate was discovered;

Chemical analysis

Analyses were carried out by Daniel Griffith & Cos The
results are shown in Appendix A.

The mass of a specimen used for a susceptibility measurement
was not sufficient to enable an accurate analysis and the total amount
of alloy cast (about 5 gram) had to be used. For the intended
binary Cu - Zn alloys the Fe and the Cu content were analysed.

In the g phase specimens (no. 4 and 8) only a small amount of Fe was
detecteds In the ¢ phase alloy (no. 13) however, 0,18 wt% Fe was
found. The Cu-Zn-Mp alloy (no. 18) which was cast immediately after
No. 13 from the same batch of starting materials was therefore also
analysed for Fe but contained only a trace. It must be noted that
the susceptibility results in this ¥ brass alloy No. 13 did not show
values very much above those reported by others for a binary alloy

of this composition. It is thus not certain that the Fe detected
during the chemical analysis was present in the susceptibility specimen.

Because the Cu/Zn ratio for the above-mentioned alloys as
shown by the analysis,about 0;1% deviation in Cu - content,was close

to the intended value this was not analysed for the other samples,
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In the Zn~Fe and in all the ternary alloys only the transition metal
content, needed for the determination of the effective moment of a
solute atom from the susceptibility results, was analysed.

§ Te Solutions of Fe in Cu — Zn Y phase alloys

Difficulties were met in the preparation of 4 phase
(Cu - Zn) - 0,1% Fe alloys. Because no significant susceptibility
results could be obtained for these solutions and the problem is
entirely metallurgical, the results will be discussed here,

Firstly, three alloys of different Cu/Zn ratio were cast as
described in paragraph 4 and annealed for 5 days at 700°C. The
susceptibility of two of these alloys as measured with the
susceptibility~balance described below, showed a Curie-Weiss behaviour
and a field-dependence at low temperatures. The values of the
effective moment per Fe atom were 6.5 Hey and To7 Hy? while |0|£ 10°K.,
These values of;zeff were unexpectedly large. The susceptibility of
the third alloy was found to vary considerably with time. Two alloys
of higher Fe concentration, 0.25 and 0.50wt% which were prepared in
the same way showed a large temperature-independent remanent magnetisation.
In none of these five specimens did a metallographic examination
reveal any precipitate, From the observed susceptibility results it
is however clear that large Fe particles must have been present;

It was then tried to prepare the same alloys, using a Zn ~ 5% Fe
master alloy. This master alloy was prepared in the following ways
Fe filings and Zn were kept molten at 900°C for 9 hours, the melt
being shaken every 15 minutes. After this the melt was left to cool

to 750°C, kept for one hour at this temperature and quenched. With
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this master-slloy solutions of 0.1% Fe in 4 phase Cu~-Zn were
prepared and annealed as described in paragraphs 4 and 5. Also

in these samples no precipitate was detected metallographically.

A measurement on one of these alloys showed ah almost zero
susceptibility at 300%K and a large remanence at 770K. This alloy
was therefore remelted, kept at 850°C for 19 hours, quenched and
annealed ohe week at 70000, after which a susceptibility measurement
showed a large remanent magnetization at 770 and SOOOK; One of the
alloys of this series (not remeltéd) was then powdered in an agate
mortar and a small permanent magnet held close to the powder to
remove strongly magnetic particles, This powder was put into the
susceptibility balance and showed again a large remanence.

It was considered possible that torques were acting on the
specimen in a magnetic as a result of the presence of ferromagnetic
clusters, Such torques will in the susceptibility balance used be
interpreted as vertical forces and an ahalysis of the apparent
susceptibility with the help of a Hopda-Owen plot (see Chapter V)
will be impossible, Therefore one of the specimens of the first
series (prepared with the Cu-Fe master alloy) was annealed for
another T days at 600°C and the susceptibility measured in a Sartorius
balance, For these measurements the apparatus of the Solid Stafé

*
Division, A.E.R.E. was useds The results are shown in Figure 2.

#)  The author wishes to express his thanks to Dr. R. Anderson
and Mr. J. Penfold for their kind permission for the use of
the balance and help with the measurements.
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The fact that the remanence is temperature~dependent rules out a
direct interpretation of these results.

Tt is thus clear that they phese Cu-Zn-0.1% Fe alloys
prepared in the manner described above contained ferromagnetic or
superparamagnetic clusters of Fe, which are too small to be seen under
ah optical microscope, It must be noted that solution of the other
transition metals in this matrix could be prepared easily and as
discussed above it is expected that also small amounts of Fe should
dissolve readily. It seems thus necessary, before continuing this
work to make a more thorough investigation of the metallurgy of the
ternary ¥ phase Cu-Zn-Fe system which is outside the scope of this work.

§ 8. The solutions of Fe in Mo, Rh and Ir.

The Mo-Fe and Rh-Fe alloys were cut from arc-melted buttons
prepared at the University of California, La Jolla., The Ir-Fe specimen
was kindly loaned by the International Nickel Company, Precious Metals

Division.
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PART B,  MAGNETIC SUSCEPTIBILITY MEASUREMENTS

Section I Apparatus

§ 1. Introduction

The magnhetic susceptibility is found from the force acting
on a sample in an an inhomogeneous magnetic field, If the field
H and the field-gradient %gg do not change too much over the volume
of the specimen, the force in the z-direction is f, = - mQKmH+%p;}§E§ (1)
in c.ges. units, if the magnetic moment per unit mass M of the
specimen can be written as X%}{ +-% ohend.a%ldoes not depend on the
field H. Here)gnis the susceptibility per unit mass, m the mass

of the specimen and Gh‘the remanent magnetisation per unit mass., If

no assumptions are made about the relation between H and M and if

H = H(z) and M = M(2), the force £, = 3 m(M + HdM). dH (2)
dH dz
(see appendix B.)

The force on the specimen in a field was measured with a balance
which has been described in detail elsewhere}o1 A few changes have been
made which will be mentioned in the course of a short description of the
apparatus.
§ 2o The balance

In prinéiple the balance is an elinvar spiral from which hangs
a quartz rod, at the lower end of which is fixed a bucket holding the
sample to be investigated; This sample is in an inhomogeneous part of
the field of an electromagnet. If a magnetic field is applied the

specimen, if paramagnetic, will be pulled towards the centre of the field,

the spiral will be stretched and the small mirror attached to it will turn,



119.

This turning of the mirror can be detected by measuring the output
voltage of a Selenium photocell on which a light beam reflected by

this mirror is focuseds This effect of the force on the sample

is then compensated by a current through the coil indicated in

Figure 3., which hangs in the gap of a permanent magnet. The

maghitude of this current is a measure of the force acting on the
specimen. Calibration is done by lowering a 100 mg weight to a

plate on top of the coil and measuring the restoring current necessary

to compensate for this extra force. The current necessary to compensate
a force of one dyne is about 30UA.

The bucket holding the specimen is a new feature and is shown
in Figure 4. It can be connected to the quartz rod by sliding it
upwards around the rod, a "piﬁ" on this rod fits in the J-shaped slit
in the bucket, when the bucket is in the highest position it is turned
and is then fized to the rode The advantages of this specimen holder
are firstly that the outer diameter (3.5 mm) allows a reasonable
clearance betwsen the bucket and the surrounding oopper cap (inside
diameter 4.8 mm,). The danger that the bucket will touch the cap
after the dewars have been put on is smaller than with the bucket used
préviously. Secondly the force on the balance without specimen is
small (1.2 dyne in a field of 8000 Os). The quartz rod to which the
bucket is connected is surrounded by a German silver tube ending in a
joint to which the copper cap mentioned above can be sealeds For this
seal Edwards silicone grease was used which gave a satisfactory seal
at low temperatures., To the copper cap are connected the thermocouple

and the carbon resistance thermometer discussed in Paragraph 4. For a
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change of specimen only this cap has to be removed. Over the upper
end of the balance is a glass jar, so that the space in which the

balance is standing can be evacuated.

§ 3. Dewar location

A pyrex helium dewar and a brass nitrogen dewar are suspended
as shown in Figure 5 in such a way that the German silver tube and the
copper cap surrounding the lower end of the quartz rod and the specimen
holder, are in the narrow tail of the helium dewar. The tail of the
nitrogen vessel fits in the 31 mm pole gap of the magnet. A brass cap
slides round the tube at A and can be sealed to the pyrex dewar as
shown in Figure 5. Due to the small clearance between the quartsz
assembly and the surrounding tube and between this tube and the inside
of the dewar careful alignment of the dewar system is necessary; To
avoid the need of a laborious adjustment of the system after every
change of specimen, a wide tube in which the outer dewar can be
suspended was permanently fixed to the frame on which the apparatus is
standing (Figure 6.). This tube, in which the dewar fits closely was
soldered to the plate. The plate is fixed to the frame of the
apparatus with three adjustable screws which allow some movement in a
horizontal plane and slight tilting of the tube. The dewars are brought
into position by sliding them into the tube from underneath, then three
screws are screwed in through the tube under a rim at the top of the
outer dewars The slit allows the pumping line of the helium vessel to
pass throughs The lower end of the wide tube is well above the joint
of the copper cap so that this arrangement does not interfere witﬁ the

removal of the cap. Once the dewar-support has been fixed in the



122.

correct position, the dewars can be put on without further adjustment
after a change of specimen.

All further low-temperature equipment used has been described
in detail in Reference 101,

§ 4., Temperature measurement

With the balance measurements were done between 1.8 and 2§0°K
Because it is not possible to fix a thermometer directly to the
specimen, the temperature measured is that of the copper cap (see
Paragraph 2) to which are soldered an Allan-Bradley carbon resistance
thermometer (42 " at room temperature) and a Au-2% Co versus normal
silver thermocouple. The carbon resistor is soldered with one of the
leads to the copper. In this way the carb