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ABSTRACT

The internal magnetic fields at Co nuclel as a
very dilute ilmpurity in Au, Cu, and a series of Au=Cu
alloys were determined by low temperature nuclear

Sh

orientation of 6ncc. Mn in Cu was used as the ther-

mometer, A straight line fitted to all the data gives:

Hing{kG} = (3.233.5)+{1.2950.11)H,_ . (kG) {Au)
Hit = {-2.6t2.a}+(1.zstc,ﬂalhapp { AuCu)
Hint = {5.?13.9}+{0.92t0.12}ﬁapp {Cu)

If the intercept of the straight lines it only

to the high Y pointe is forced to go through zero,

app

the value of HintfHapp varies amoothly as the host

changes from Au to Cu through a series of Au-Cu

aglloys.
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I. INTRODUCTION

In studying local moments, the first question
one must ask is whether or not a local moment exists,
That isg, given a single transition metal impurity in
an otherwise nonmagnetic metal, what are the conditions
| under which the impurity will be "magnetic"? This
thesis will attempt to anawer the above guestion for
cebalt as a dilute impurity in various noble metal
hosts, The term "magnetic® and "nommagnetic" will be
used in a comparative sense to describe whether or
not the Knight shift exceeds 5-10%,
Cobalt is on the border of the transition from
oy magnetiec to nonwagnetic behavior, It is in this
' region that much work needs to be done as theoretical
methods tend te break down {or marginal behavior,
Alza by ztudying systems of this type it might be
poseible to determine more explicitly the conditions
necessary for local monent formation, Cr, Kn, and
Fe are known to show Kondo behavior in Cu and Au

1 Experiments have been performed on these

hosts.
with the impurify level below 100 ppm, For Co and
V¥, the experimente have required concentrations above
. 0,1% because of the low impurity susceptibility, As
' the concentration is ralsed above 1%, the magnetic

moment per atom iucreases for Co impurities and the
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Enight shift changes from negative to positive for
V impurities, It has been concluded that in the low
concentration limit, ¥ and Co will Le nonma.gnet.ic.z’j’1+
This thesis presents the first measurements of the
hyperfine interaction of Co in Au, Cu, and Au-=Cu
alloys at very low concentrations and temperatures,
The experimental technique used was low temp-
erature nuclear orientation., Nuclear orientation is
a particularly useful technique for the study of Co
as an impurity, as very low concentrations can be
used, The temperature is limited to the region below

0,050 K, which should be in the T=0 limit for Co

impurities,




II. THECRY

A, HNuclear Orientztion

The theory of nmuclear orientation has been

516,7,8 Only a2 brief

discussed completely elsewhere,
outline emphasizing low-temperature, thermal equi~-
librium orientation in metals is given here.

If a magnetic field, H, is applied to a nucleus
of total angular mementum (spin), I, the degeneracy
of the 2I+1 nuclear magnetic substates (hyperfine
levels) ig lifted, Esch substate now has a different
orientation with respect to the applied field. The

substates are separated equzlly in energy with
AE =fl-lH,fI.

At room temperature these levels are equally
pvopulated by the nuelel, in such a system the nucleil
are randomly orlented, However, if by some means, a
distribution is aschieved =o that the levels are not
uniformly populated, the system of muelel i said to
be oriented,

If there are several energy states avallable to
a system in thermodynamic equilibrium, the states will
he populated in proportion to the Boltzmamm factor and

the relative population of the substates will be
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where m is the quantum number denoting the projection
of the substates on the axis given by the direction
of the magnetic field so that =IZm= 1 anth =ﬁH!IkT.
H is the magnetic field at the nucleus amdfkiﬁ the
rnuclear magnetic moment, thus the m states with the
lowest energy will be preferentially populated,

To achieve orientation p must be made as large
as possible which implies, for reascnable values of
fkanﬂ I, very large magnetic flelds and very low
temperatures.

If the oriented nuclei are radioactive, it is
possible to determine the degree of orientation from
the angular distribution of the emitted radiation,
since the angular distribution is dependent on the
populations of the magnetic substates, The angular
digtiribution of radiation from oriented nuclei may

be represented byj

A
k=0

where W(8) is defined as the number of radiaticns
emitted by the oriented nuclel at angle € divided by
the number of radiations emitted from the nonoriented

rmiclei at angle O, where €& i3 the angle hetween the
direction of the applied magnetic field and the




direction of emission ¢f the radiation, The expansion
is for A equal to 2I or 2L, whichever is smsller.
Here I i1s the angular momentum of the micleus befare
decay and L is the angular momentum carried away,
For k=21, B, = 0 and for k=2L, Fk = 0,

The Bk term ls the only temperature dependent
coefficient in the expansion and is determined by the
population distribution between the hyperfine levels

of the parent nucleus. Bk is defined by the relation
1
B, = (2k+1)*} C(TkmO|Im)W(m),
m

where C is a Clebsch=Gordon coefficient. Bl' B,, and

2!
Bu have been tabulated as functions of the Boltzmann

factor by Blin-Stoyle and Grace.5

The LTk coefficient can best be described by use

of an actual decay scheme., Fig. 1 shows the decay

60

scheme of Co. Although the 6DCD iz the oriented

nucleans of interest, it is much easier to observe the

60H:'L than

6ECQ

Y rays emitted from the excited levels of
the;a particle emitted directly from the parent
mucleus. Therefore it is necessary to correct for the
chenge in the magnitude and orientation of the momentun
occurring during transitions preceding that observed.

The U, coefficient takes this into aceount, It is

Ik
usually assumed, and for the cases described in this

thesis it is true, that the lifetime of the intermediate

[
I ] 4
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state Ls so short that processes such és the inﬁer-
ac¢tion of the nuclear spin with the thermal vibrations
of the latitlce, receild of the nucleus from its lattice
position through regions of different field, changes
in magnetic or electric field gradient at the nucleus
due to the atomic rearrangement following = P Drocess,
or ionization or excitation of the atom do not disturb
the orientation, For an unobserved transition {IéE-Ib}
which feeds the state from which the abservéﬁ ¥ ray
decays, the Uy is given by

a*Ih"L

v, = [(21 e (21,40 F(0? W11, T, ;KL

where W iz the Racah angular momentue coupling coef-
IFicient, If there is more than one unobserved tran-
sition, the final U, is the product of those fnr each
individual transition,

| The P, coefficient depends on the multipole
character of the observed transition and upon the
angular mementa of the nuclear stafe from which the
observed transition is emitted and the final nuclear.
state. For an unmixed ¥ transition {Ib--I;-Ic}, F. 18

given by
R = (10T e e crint -1 kO W(T, T LE kT )
Kk = \= b - bbb ’ [ |

where L is the angular momentum carried away by the




¥ ray. Due to the conservation of parity in ¥ tran-

sitions, the F, for odd k are zero. Pk iB the Legendre

polynomial of order k and is the only coefficient

dependent on 8. Therefore for a ¥ transition W{e)=

Wi+, since Py(even) is an even function of cos €.
B. Local Hr::mEnts9 .

1. The Friedel Model'®

The first aignificant theory proposed to explain
the behavior of alloys made up of transition impurity
atoms in noble metals was the localized virtuzsl.
state picture presented by Fried&l.ln This theory is
based on scattering theory, and strong resanance
scattering of d character is assumed from the impurity
potential due to a transition atom,

Friedel begins by considering an atom with a
spherically symmetric potential as shown in Fig. 2a.
The dashed potential is attractive enough so that it
has an fth bound state, however the continuous curve
represents a potential which is not quite strong

engugh to have a bound state with gquantum number £,

" The bound state has irncreased in energy and merged

into the continuum of extended gtates, where it will
resonate with the Ath spherical component of the

extended etate wlth the same energy to build up two
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Mn Cu Cu

{b)

Figure 2, {a) Beal bound state (dashed curves)
and virtual bound state {(continucus curves)
in an energy versuns space diagram. (B) A shell
of a typical magnetic impurity split intoc two

virtual bound levels of opposite spin directions,
Taken from Hef. 10,
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extended states of slightly different energlies. These
in turn resonate, building up a reglcon in energy and
space known as a virtuzl bound state which is repre-
sented by the shaded region in Fig. 2a.

The width, w, of the level increases with the
amount of f#th spherical component in the free electron
state of energy E . Therefore w decreases for increas-
ing £ and for a given % it is roughly proportional to
ED (for =small valueg of Eu]' Ww is the order of 2 eV
for 2 = 2 (d states) and ED = 7 e¥ (Fermi energy of
copper) .

Exchange correlations tend to split the & shell
into two halves of opposite spin directions. Splitting
oeeurs if w is smaller than the energy of splitting,
pAE per d electron. p is the number of electrons (if
less than 5} or holes (otherwise) in the d shell; AE
is the average energy gained when two d electrons with
antiparallel spins are placed Wwith their spings
parallel. From atomic spectra, AE is 0.6 to 0,7 ev,
For Cu, it is necessary that pZ «/4E = 3; therefore
splitting should occur Tor impurlties like Fe, Mn,
and Cr but not for Ni where the number of d holes is

tooc small, The cage for Mn in Cu is shown in Fig. 2b.
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2. The Anderson Hodelll

The Anderson model can best be sumaarized by

writing the Hamiltonian:
+ +
i = %,ek“k.fm“dr*-“dt}*“nat“m +l;;ﬂk{ckrcdr+°drckr}'

Eﬁ is the host metal conduction electron energy for
the state of momentum k; Ny g = c; ¢ where ¢’ and ¢
a&re the usual creation and destruction operators; E
is the unperturbed energy of the 4 states of the
impurity atom; U is the coulomb repulsive energy
hetween twoe electrons in the same 4 orbital; and Vi
is the matrix element giving the interaction snergy
between d states and conduction elegctrons, This
Hamiltonian, as written, 1s for a single orbital d
shell state with two possible spin orientations,
Anderson showsg in an appendix te his paper, that
this is not of major consequence,

.The term which splits the spin up and spin down
d orbitals is the coulomb term, U, If the unperturbed

energy Edt‘ EF and Ed.l"'”"'EF. then the spin up orbkitals

will be occupied and spin down empty, i.e,, there will

be a net d moment on the impurity. The effect of the
mixing of the d states and free electron states, V,
is to broaden the spin up and spin down levels, If this

broadening is large enough toc overlap the Fermi level,
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then the spin up level will be partlially emptied and
eonversely for the spin down level, See Fig. 3. This
in turn causes a decrease in the coulomb enargy
splitting the two levels, This effect is larger the
larger the denzity of free electrons, the larger the
d to free electron admixture matrix element, ¥, and
the smaller the energy Adlfference between up and down
states, U, IT V is sufficiently large and U sufficient-
1y emall, this effect cumulates in the gonvergence
of the spin up and spin down levels thereby causing
the magnetic moment to ge to zero,

Pue to the difficulty caused by the particle-
particle coulomb: term, Andeyson treats the Hamiltonian
uging the Hartree-Fogk or self-consistent field
approximation. Then by uaing Green's function methods,
he ia able to obtain the density distributién of the
d state

Qael€) ~a/mf(€-En% £,

where Eg. = E+U (nd,_') , and A iz the width parameter

of the virtusl state given by
& = (), e€).

?{G ) 18 the density of astafes for the unperturbed
gonduction kand, Plg. 7 shows the density of states
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Conduction
elecirons

<

>

Py Pl

Figure 3. Density of states distributions in a
magnetic case. The *humps" at E+UCH,» and E+U<h)>
are the virtual levels of width 24, for up anid
down spins respectively. The nurber of electrons

. <n,) and (nQ occupying them are to be computed

from the area of the unshaded portion below the
Ferml level, Taken from Ref, 11,




ik

distribution for a typical magnetic case,

By using ?dHJE} to determine the total nunber of
d electrons of spin e, (nd‘}, and making the values of
Nyt and n, self-consistent, Anderson obtains a

griterion for local mament formaticon given by

Therefore a small dengity of states feor the conduction
band and small matrix elements for the s-d admixture
make & small, thuz favoring the appearance of the
localized moment. This is thought to be the case in
noble metal hosts, Also ?d{EF) is largest for atoms
with n; = 5 and decreases as one goes away rom the
center of the transition series. This accounts for

the fact that Cr, Mn, and Fe have local moments when
dilssolved in noble metals,

Heeger has tried to extract values from experiment
for various parameters in the Anderson madel_12 For
the iron group ilmpurities in Cu, Ag, and Au; he finds
that experimental results give U~ 4 eV and & = 0,.4-
0.6 eV assuming a Lorentzlan shape for the virtual

level.

3., The Kondo Effect

A nunber of dilute alloys containing transition

metal golutes exhiblt a minimmm in the electrical
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resistivity versus temperature curve at low temp-
eratures, e.g., Mh or Pe dissolved in Cu, ig, or Au,
Kondo made the first important step toward under-
standing this phenomenon,l’ He began by assuming that
a8 moment existed and that it interacts with the
gonduction electrons LY means of an interaction

represented by the Hamiltonlan
Hs-d = -J{rlgi-ﬂhlr} ]

where § is the conduction electron spin, S the impurity
spin, and J{r} is negative, This is usually simplified
by assuming a point contact interaction, L.e., Ha_g =
-JVZ-5(0), where V is the atomic volume and S(0) is

the conduction electron spin density at the impurity.

In second quantized foramalism

+ +
Hy_g = ~(3/20) L [S;(eiq oy —ony oy )
- + +
+8,05 91 ¥ S0y |-

Konde found that when he carried the perturbation
theory of the scattering of the condustiﬁn electrons
by a single localized spin S beyond the first Born
approximation, a log T fterm appesred in the resis-
tivity, This logarithmiec divergan;e with decreasing
temperature indlicates & breakdown of perturbation

theory below a characteristic temperature given by
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Ty = TFexp{-lflJl?{D]],

where TH is known as the Kondo temperature. TF is the
Fermi temperature, and ?(ﬂ} 15 the density of states
per atom per spin in the host metal, evaluated at the
¥erni surface.

It is thought that far T{TK the conduction
glectrons and impurity moment interact in such a way
that a complicated many body state, also called a
quasi-bound state, 1s formed. This state may be thought
of as the hlgh temperature localized moment surrounded
by a cloud of conduction electrons Wwith their spins
polarized opposite to that of the loczl moment so that
the net effect i1s to cancel the magnetic moment on the
impurity, At T = 0 K, the ground state energy of the
quasi-bound state should be approximately KTy below
that of the same system wlthoui the cnupling.l

It is of considerable interest to study the effect
of a magnetic field on the ground state of the above
gsystem, It 1s reasonable to assume that when the
condition ppH = kTy is satisfled, the bound state will
he completely destroyed. However this has not been

14,15 Theoretical

found experimentally to be the case.
treatments also indicate that the bound siate daes not
break up completely until the applied magnetic lield

iz many times larger than the Kondo temperature.16
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Many thecoretical estimates hsve been made for the
suseeptlbhility of dilute impurities at low tempera-
tures, T<x TK,l? Heeger summarizes most of these in
Table II of his review artisle.12 Assuming J <0,

X iz found to be proportional te ﬂ%fkTK.

Suhl and coworkers have proposed a different
medel based on repsated conduction electron~hole
scattering in the presence of a fixed impurity poten-
tial.18 This gives rise to fluctuations of the impurity
spin, When the rate of the fluctuations is less than
that of thermally produced fluctuations, the moment is
well defined, However if the reverse is true, the
impurity appears nonmagnetic, TK would correspond to
the point at which both rates are equal.

The measurements described in this thesis were
made at such low temperatures that T<<Ty and in fact
one can azsume as far as comparison with theory is
concerned that T = 0 K. Also such dilute alloys were
used that impurity-inmpurity interactions can be
ignored,

1t is to be noted that the theorsetical situation
as regards local moment formation and the Kondo effect
is far from complete, especially in the reglon of
marginal local moment formation, It is In just this

region, between obvicus magnetic and nonmagnetic
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behavior that the system, Co in noble metal hosts,
studied in this thesis lies,

. The Internal Field

The total megnetic field, Hint' acting at the

nucleus in nonmsgnetic materials may be written as

Hing = Happ*|“hf| (2)

where Happ is the external, applied field and H .

the hyperfine magnetic {ield, If Hyr is positive, Happ
and H . are parallel and the positive sign in Eq. (2)

is correct, If H hf is negative, Ha and Hyp are

PP
antiparallel and the negative sign in Eq, {2} is
correct. The hyperfine field may be written for cublic

symmetry as

Hyp = {Bn?j]grﬁsrffﬂilz+quL<§fr%>

where the first term arises from the Fermi énntact
inter‘action._i9 Pf(ﬁ}iz is the unpaired s electron
density at the nucleus. The second term is due to the
electron orbital angular momentum, L. The orbital
moment will be assumed to be quenched, i,e,, L = O,

If a large enough magnetic field is applied to a.
Kondo system with‘T<32TK, it is expected, as mentioned
in the last section, that the coupling betweern local
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moment and conduction electrons will be partially
degtroyed. This means that the local moment will no
longer be completely cancelled, This moment will in
turn affect ¥(0)1% and thus contribute to Hy o
Therefore by measuring Hint and from this Hyp bY
nmuclear orientation, it ig possible to obtain an
estimate of the moment on Co atoms when disgolved as

dilute impurities in wvarious noble metal hosts,
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III. EXPERIMENTAL

A. Apparatus
The baslic procedure used was to copl the alloy to

a low temperature by adiabatic demagnetization of a
paramagnetic salt to which the alloy was thermally
linked, and to apply a sufficient magnetic field to
induce some orientation in the radicactive nuclei, then
to measure the intensity of radlation emitted from the
oriented nuclei compared wlth the intensity emitted
from the nonoriented nuclei, The apparatus used can be
dirvided inte two separate syegtems: one for cooling the
sample to very low temperatures in the presence of a
large applied magnetic field, the other for detecting

and analysing the ¥ radiation emitted from the sample,

1, Cooling System

This was described in detall by Smith and

Heyhmannzo

and is shown schematically in Pigs. 4, 5
and &, There are two double-walled glass dewars, The
outer contains ligquid nitrogen and the inner liquid
helium, Immersed in the liquid helium are two super-
eonducting magnets, The magnet used for magnetizing
the salt pill was made by Westinghouse and has z 24-
inch bore and is 94-inch long. This magnet produces

a field of 18 kG at a current of 22 ampereg, The
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polarizing magnet was made by Magnion and has a i~
ineh bore and is 6-inches in length. It was modified
in order to it into the helium dewar which has a 4-
inch 1.4, This magnet produces a maximum field of
40,7 kG at 17 amperes current. Both maghets are
equipped with persistent current switches,

Inside the vacuum can are the 4He and 3He

qﬂe pot, which has a velume

evaporators or pots, The
of 77 cmj, is filled by means of a needle valve which
permits l*Haa to enter the pot from the 4.2 K He bath,
Tria valve iz controlled from the top of the dewar
stand, By pumping on the liguid in this pot it is
possible to cool.to 1.1 K,

lpHe pot is the 3He pot which

Located beneath the
has a volume of 7 ¢m3. This pot can be operated in
the recirculation moede, L.e., 3He is continuously
returned to the pot, The ¢ondenser for the 3He iz

uﬁe pet, In the single-gzhot mode,

wrapped around the
i.e., 3He is not returned, it is possible to cool to
.3 K using a diffusion pumnp, Attached to this pot

ig a radiation shield whic¢h surrounds the salt pill
assembly and stops any 4% K radiation from the vasuum
can from reaching the salt pill. The salt pill assembly
hangs from the 3He pet by means of a graphite support

rod and is thermally linked to the e pot by means
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of a pure lead heat switch with dimensions 0.4 x

2.5 x 0,013 om, The lead heat switch is positioned =o
that when the demagnetizirg magnet is run up the field
is transverse to the lead which is then in its normal
state and a good thermal conductor, However when the
demagnetizing magnet is reduced silightly the lead
sWwiteh goes superconducting and becomes a poor conduca-
tor, thereby thermally isolating the salt plll.

The salt pill assembly is made of several strips
of 0,02 cm copper sheet inside 5 textolite tube; In the
upper half of the salt plll assembly the copper sheets
are separated so thet the paramagnetic salt, in the
form of a slurry, can be inserted between the copper
fins, The copper fins linking the sample and cooling
salt have a slurry contact area of -G00 cmz. The salt
pill holds 300 ml of siurry, The copper fins extend
an additional 12 inches beneath the glurry with the
thermometer and sample attached to the end of the fins,
The 1Z-inch extension is used =20 that the magnetic
field at the salt pill due to the peolerizing magnet is

kept to a minimum.

4

He and 3

The temperature of the main He bath, He
evaporators, and salt pill before demagnetizatlon are

monitored by meang of carbon resisfor thermometers,
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2. Gamma-Hay Detection System

This is shown schematically in Fig, 7. The lithium
drifted germanium, Ge(Li), detector, preamp (model
1308C), amplifier (1416), and d.c, restorer (1414}
were supplied by Canberra Industries, The d.c,
restorer was not used in runs 37 and 43, A plleup
rejector was not used due to the fact that a dead
time error would have been introduced, It 1s possible
to correct for the dead time thus introduced but this
would have involved a modification to the pulse
helght analyzer, A typical ¥-ray spectrum is shown
in Fig, 8. Only 200 channels of the 400 channel pulse
helght analyzer were used to decrease data print out
time on the teletype.

Even though the efficiency of the solid state
detector was only 4% of that of a Nal scintillation
courtter, the increase in resolution obtained was felt
to be the determining factor, especially since the
ef'fect to be measured was smzall and the background

correction of utmost importance,

B, Thermometry

The temperature of the Co alloys, was determined

by observing W(0Q) for the 835 keV ¥ ray of 5#Hn

dissolvwed in Cu, 54Hn was chosen because the nuclear
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parameters of interest are known, The decay schene

of 54Hn is ghowm in Fig, 2. Alsc the 835 keV ¥ ray

60

is lower in energy than the ¥ rays of ~ Co so that

the Mn does not add any background to the GDEo peaks,
5”Hn decays by electron capture, therefore
there is only a very small amount of heating ag
¢compared to that due to the smission of‘p particles,
The valug of the internal magnetic field at the

Mn nucleus for varigus applied fields has been

15,21,22 5l

determined previously, Two of the three Mn
in Cu alloys used for thermometers were algo cal-
ibrated against & SDGO in Pe allay. This will be

digoussed further in Chapter IV,

G, Sample Preparation
All alloys were prepared in a similar manner,
Begimning with 0,017 c¢m sheets of 99,999% pure metal23

2 was cut off and then

{Au or Cu as required},~0.8 ¢m
eteched, (Cu in 1:1 HNO4:H,0 and Au in hot aqua regia) .
For the alloys contzining beoth Au and Cu the foils
were etched and then trimmed to give the required

24 specific activity 86,5 mCi/me

weight ratio, °0CoCl,,
Co on 4/19/67, wae evaporated onto the foils until
the1desired amount of activity was obtained, The

foils were then vlaced in an glumina bozst which was
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inserted into a quartz tube, The tube was then flushed
with gas., See Table [, Next the tube wag s1id into

a resistance oven at 1100°C. The alloy was remelied
several times by sliding the quartz tube in and out’
of the oven, The alloy waz then removed from the oven
and eooled {<#% hour to reach room temperature) while
8till in the atmosrphere given in Table I, When cool
the alloy was etched in the appropriate acid and then
flattened to 0,025-0,038 em, The alloy was then

armealed and cooled as in Tabhie I,

60¢o. Using the

All semples contained 5-?f4ci of
specific activity to calculate the concentration of
Co in the alloys gives ~5 ppm Co, Rezistivity ratio
measurements were performed on both Au alloys giving
Q{:mo K)!?M.z K} = 190 and 130. Taking 2,35 uft-cm
as the room temperaiure resistivity of pure gold and
assuming a resistivity of 1 na-cm/ppm for magnetic
1mpurities,12 the concentration of magnetic impur-

ities is 12 and 18 ppm respectively.

b. Procedure
The alloy to be studied and thermometer were
soldered with indium to the Tfins of the salt pill.
Next the pesramagnetic salt slurry was mads up, For
runs 37 and 43 cerium magnegium nltrate [Gegﬁgz{m03}12
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Table I, Sample preparation,

Run Host  Atm, melted Annealing Cooling after

and annealed In temp, length anneal
(°C}  (nrs)

37 Au 5% Hy-95% A 650 16 s1ow®™

43  Aw 158 H,-858 N, 1000 2 rast?

b9 Cu 5% H2-95$ Ar 750 6 g

5¢ Cu " 750 18 "

51 AuBCu " 800 12 "

52 AuCu " " 16 "

33 AuCu " " 18 "

5%  AuCu " * 15 LN, quenched

58  AuCu, » n 16 n

asample coolad slowly o room temperature over a
pericd of 8 hrs.

bsample coolel rapidly to room temperaturs over a
period of 1 h.




33

-E#szl was used, Chromium potasgium alum [CrK{Sﬂu}E*
12HED] wag uged for all other runs, Crystals of
corium magnesium nitrate {(CMN) were grown by using
appropriate quantities of cerous nitrate and
magnesium nitrate, These were then powdered with a
mortar snd pestle until able to pass through a No,
S0 siave, This powder was then mixed with glycerine
until a alurry of the right consistency was obtained.
The slurry was then packed between the fins of the
galt pill. The ¢hrome alum salt pills were made by
powdering the alum as purchased.zj Initially & mortar
and pestle were used, however an lndustrial model
Waring blender was found to 4o the jJjob in much less
time, The powdered chrome alum was mixed with equal
valumes of glycerine and a saturated aqueous solution
of chrome alum, A typical charge of slurry for the
salt pill consisted of ~400 g of powdered chrome alum,
50 ml of glycerine, and 50 mi of saturated solution,
The salt pill was then suspended from the appara-
tus and the variocus leads and lead heat switch were
soldered in place. Cd-Bi solder was used for the heat
switch due to its good low temperature thermal conduc-

26 Next the radiation shield was mounted in

tivity.,
Place, Thick cotton string around the bottom of the

salt pill and heat shield served as thermal insulation
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between pill, shield and vacuum car, An indium CQwering
was used to insure a leak tight seal for the vacuum
san., Then the superconducting magnets were mounted
arcund the vacuum can, Finally both dewars were
pulled up arcund the apparatus. The helium dewar was
filled with dry nitrogen gas to insure cooling of the
apparatus and the nitrogen dewar was filled with
liquid nitrogen. The apparatus was then leflt over-
night.

The following day the dry nitrogen was pumped from
the inner dewar which was then filled with He gas. The
vacuumr can was pumped out and then filled to a pres-
sure of 1000 microns with H, gas. The H, served &s
an exchange gas, The 1liquld He transfer was then
begun. This initial fill was zlways done slowly so0
that the innards of the apparatus would cool using the
HE gas as a heat transfer medium. 1f the transfer was
done teo rapidly, the HE exchange gas would sclidify
and leave the apparatus at a high temperature. While
rilling with liquid He the magnets were run up and

hHe pot filled and pumped on. Also 3He £a5 was

the
let into the 3Ha pot., After ~4 hours the 3He pot had
cooled enough so0 that 3He started to liquify. The

3He pot was then pumped on in the recirculating mode.

At this time 69 minute warm counts of the ¥-ray
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spectrum were started. After ~3 hours it was possible
to stop recirculating the 3He and go to the single-
shot mode of operation with the 3He diffusion pump
on, After ~2 hours in this mode of pperation the salt
pill had cocled to 0.3 K and was ready to be demag-
netized,

The demagnetization took 15 minutes and 5 minutes
after completion of the demagnetization 60 minute
¢old counts were begun. Approximately 19 hours of
cold counts were taken with a warm up rate of 1 nK
every 5 hours, The salt pill was then remagnetized.
The salt pill warmed up during remagnetization and
warm counts were resumed, It took ~Y% hours to cool the
salt pill to the point where it was ready to demag-
netize again., This cycle was repeated for a total of
four demagnetizations, twe with the polarizing field
at one value and two with it at another. In this
manner =--38 hours of cold counts were taken during
each run for each value of the applied magnetic

field,
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I1V. RESULTS

A, Treatment of Data

1., Background Correctiocn

The total number of counts inleach photopeak was
determined by adding the counts in the appropriate
channéls. The background was accounted Tor by
subtracting the counts'in an equal number of channels
lying lmmediatelﬁ-abave the photopeak channels in
energy. For example, if the photopeak fell in
channels 330-337, then the background was taken as
channels 338-345, The statistical error in this
figure.number of counts in the photopeak, N, minus
the background, B,-was given by H-Et{H+B}é,'Hhere
the error in N or B is the square rgnt of the number,

6000

After correcting for background, the two
peaks were added together, This can be done in this
cage due to the fact that the decay parameters of

60

the Co are such that W(8) is the same for both ¥

rays,

2. Decay Correction

Since warm counts were taken over a pericd of
geveral days and W(0) was small, it was necessary to
correct for the decay of the radicactivity. The warm

counts were normalized hack_to the day of the first
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warm counts by multiplying by e where A = 0.693/ty
and t is the number of days elapsed between the first
warm counts and the warm counts being corrected. té
i85 the half.life of the respective isotope, Next all
warm counts were averaged. The error in the average
of several counts is given by the error in oche of

the counts divided by the square rouﬁ cf the number
of counts averaged,

The average of the warm counts was then corrected
for decay to the day & sequence of cold counts was
taken and this value was used in determining W(0},
the cold count rate divided by the warm count rate,
The percentage error in W{0) is given by :(c3+w3}%
where C and W are the percentage errors in the cold
count and warm count respectively.

No correction for sﬁlid angle wWas made as the
Ge(L1l) detector had & face surface area of 9.9 c:m2
and was locaﬁed 20 cm rrom the.source. For example,
if W(C) for a one hour cold count hed been 0,.9600,
the sollid angle correction would have changed this
to 0,.9602. This difference is well within statistics

and therefore negligihble,

3, Least-Sguares Fit

60

After W{0O} for the “~Co and 1/T as given by the

5%Mn thermometer were determined, the data was fed
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into a computer and a least-squares fit t¢ the
theasretical expression for W{0)} was performed to
determine the value of the internal magnetic field,
at the Snﬂo nucleus, This was then plotted
and a

Hint’
against the applied magnetic fleld, Happ’

least=squsres fit stralght line was calculated.z?

B. GCo in Noble M=tal Hosts

The results for all runs are summarized in Table
II. The applied leld valiues are known tc better than
+3%, All other errors have been calculated assuming
cnly statistical variations,

In Fig, 10 W{0) ws. 1/T for 60Go in AuCu is showr,
The data is typical of that obiained for the other
hosts used. Each point in Fig. 10 is the average of
several hour counts. In Fig, 11 Hy,. ¥s. Happ ts
plotted for Co in Auv, AuCu, and Cu, The soltd lines
are least=squares {'it to all the data whereas the
dashed lines are it only to the high Happ points

and foreéed to go through zero, For the solid lines

we have !
Hing(kG) = (3.223.5)+(1.29%0.11)H, . (kG)  (Au)
Hint = {-2.6tz.aj+{1.28t0.nalﬂapp (AucCu)
Hint = {5.?13-9]+{D.9210.121Happ (Cu),
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Table TI. H;,.. ¥S. Happ for the alloya.
Run Host Hint{kﬁ} HapP(kG}
37 Au 3%,3{1.8) 24,0(0.6)
51.3(0.7) 36.0(G.9}
43 Au 36.5(1.0) 25.5(0.7)
43.1{0.8) 32.0(0.8)
52,7(0,7) 38.9(1.0}
4g Cu 29,5(1.3) 28,7{0.7)
43,5(1.3) 40.7(1.0)
50 Cu 32.2(1.,0) 27.0(0.7)
41.7(0.9) 38.9(1.0)
5t AuCu 33.5(2.0) 27.0{0.7)
48.0(2,0) 38.9{(1.0)
52 AuCu 34.0(0,8) 27.0(0.7}
47.5(0.8} , 38.9(1.0)
53 AuCu 36.5(1.1) 28,7(0,7)
50.0(0,8} 40,7(1.0)
55 AuCu 31.1(1.0} 26.4(0.7)
45.3(0.8)} 38.0(1.0)
58 AuCu4 30.3{0,7) 28.7(0.7)
b5, 0{0,7) 40,7{(1.0}
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The results for the Au and Cu hosts agree with the
28
1.

applied field of 15 kG and 1/T of 70 K'1 at which the
60

null results of Cameron et who used a maxifum

anisotropy for ““Co in Au would have been only 0.3%
and for 5°cu in Cu even less., The silopes of both the

so0lid and dashed 1ines ¥s. host are shown in Fig., 12.

C, GCalibration of Thermomebers

Two of the three 54Hn in Cu thermometers used
60

vwere calibrated using a =~ GCo in Pe source as the
thermometer., The third thermometer was used only for
the Co in Auaﬂu run. The resulte ol these calibrations
are shown in Fig, 13 along with the highest applied

field points of Pratt et gl.gz 15

and Campbell et al.
The statistical error in our data 1s less than the
size of the points.

These thermometers were prepared in the same
megnner as the 6GG0 alloys. They were annealed for
several hours and then cooled to reoom temperature in
less than % hour, Thermometer 2 was stored in liquid
nitrogen until ready for use, It is posslble that the
diserepency shown in Fig, 13 between the two ther-
mometers is due to the oxidation of the Mn in

thermometer 1.29 Tha concentration of Mn in the

thermometers was less than 1 ppm.
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These orientation results extend to much higher

values nff*H fkTK than previous nuclear orienta-

14

app
tion15 amnd Mosshauer

experimental points, Taking
Ty = 0,064 k2% ror Wn in curf‘HappfkTH = 175. Also
they can be seen to verify the conclusion that the
quasi-bound state does not break up completely until
this ratic is very much greater than unity as
mentioned in Chapter II, Section B,3.

Camphell et 51.15 obtaln & value of 277L5 kG for
the saturation hyperfine risld at Mn muciel in Cu,
Qur results show that the saturation field is at
least 296f1 wG. This result agrees well with a value
of 305 kG obtained from low temperature specific heat

measurements on a CulMn} sample ln zero applied

field, 2




¥. DISCUSSION

A, Co in Au

Two important features stand cut in the plot of
Hint ¥8. HEPD for Go in Au. Hy,, is relatively large
and extrapelates linearly to nearly zero at Happ = 0.

There are three alternative interpretations of
these results. The first is that the hyperfine field
is negative, 1.8., By, = Happ'lﬂhfll and Hildebrand's
data31 for the susceptibility and effective moment of
0.3% Co in Au is assumed correct for isolated cobalt
impurities., Hildebrand found that the susceptibility

followed a Curie.Weiss Torm,
X = r;r?fak[*r-a} ]

For the 0.3 at € Co in Au alloys, he found J= 4.59!&8
and & = =247 ¥, Letting HfﬂT:D uraaff(G] with M =XH,
we £ind that pg..(0) =!..\EH;'3kﬂ. For H = 40 kG,
Pore(0) = {7.4::10‘2}«45. Comparing this with the
miclear orlentation result assuming a negative Hye,

-
we find thf(!u} = 95 KG/7.4x10 My oF 1,280 XG/jag!
This can be compared to 131 MGﬁuE for Co in Go metal e
and 7510 kGf}aE for several transition metal impur-
ities in ncble metal hnsts.33 If Hildebrand's value
of h.ﬁgfuﬂ 18 used for the saturation value, we find

Hoat = 5,900 kG as compared to 225 kG in Co metal.~2




47

Hsat 18 the saturation value of th for very large

ralues of Happ‘
The second alternative explanation is that the

hyperfine field is positive, If Hildebrand's data is

used as before with th = 15 kG for Ha D= 4) kG,

P
then B A g1} « 207 kGiuB. The magnitude of this
value 15 st1l1 somewhat large but certainly more
reasonable than that of the previous explanation,
However the positive sign of H,. contradicts what
1s presently known about the hyperfine structure of

the 1ron series elements, Co In the hosts Fe, Co,

and Ni shows & negative hyperfine I‘ielcl.34 The sign

" of the hyperfine coupling as measured for dilute

alloys of tranaition metals in nobhle metal hosts is

28 and Feld? in Cu, Ag, and

negative, e.g., Gr,Ba Mn,
Au and ¥ in Au.z For concentrations greater than 1.5
at % the V in Au hyperfine coupling becomes positive,
This is thought to he due to V-V interasctlion effects,
Cobalt in palladium apparently has a positive

hyperfine'cnupling,za

nowever this i a glant moment
gystem, '

The third interpretation of the resulte for Co
in Au 1s that the hyperfine field is "normal® (say
130 RG,?-IE and negative) andf‘eff = ”'5f‘3- Then the

linesr increase of magnetization with fleld is typical
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of a Kondo type system with TK—v 25 K, In caleulating

Tys the expression
X = (prope) /32, T,  (3)

for the susceptibllity was used, where Petr is the
axperimentally determined high temperature effective
moment for the Co impurity. Daybell and Steyert have
shewn that at low applied flelds, well below TK’ the
magretic susceptibility of the Cu{Fe) system is
obgerved to follow Eq, (3}.39 In using Eq. {3) to

¢alculate TK’ it was agssumned that

thfﬂsat = H;“sat

where M = X H arnd Hsat is the saturation value of

app
the impurity electronic moment: Hsat =f4eff[52!5(5+1]%

The final expression for TK is

_ 2
TK - f"af:[‘ HsatHapp"’ 3k!'ls:.ﬂ‘.tl'llni“ (¥)

The value ofJJEff used Is from Hildsbrand's data for
0.3 at £ Co in Au, If there are Co-Co interaction
effects at this concentration, it is posslible that
f%ff 1s larger than 1t would be for an isolated

sat and ”sat} were

impurity. Iff"eff‘ {and also H
" decreased by half, then T, ~ 25{22 K= 6,2K, If

this is the case, then !..H !kTK- 1.5 for the largest

app
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values of Ha used, indicating that evidence of

pp
megnetic saturation should be seen in the data,

However larger values of Hy would be necessary in

PP

order to make any deduction about this matter,
Daybell and Steyert have determined from exper-

lmental data values of T,, a characteristic temper-

1 For Co in Au

ature which forms an estimate of Ty.
they find T, between 100 and 400 K, These values are
determined from susceptibility, resistivity, specific
heat, and thermoelectric power measurements, Thus

it appears that this last explanation contradicts all
previous work on Co in Au, However, if the Kondo
temperature is indeed about 25 K, then most previous
work has been done at concentrations somewhat too
high, since the concentration should be somewhat less
than 50 ppm times TH.36 The low concentration is
necessary to insure the absence of impurity-impurity
interaction effects,

Recent resistivity measurements on dilute (0,1
gt £} Co in Au alloys have given mixed results, The
work of wvan den Berg et g;.j? showed virtually no
low temperature minimum, while that of Lopam gt g;.ja
ghowed a pronounced minimum at 13 K, though not of
the familiar Fe in Cu fﬂrm.39 The difference between
the suscepiibility results {TK‘“ 200 K) and the
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orientation data can bhe explained if the suscepti-

bility can be written as

Xiotal =Xiocar* Xnoniocal- {5}

A nuclear orismtation result would measure Xlﬂﬂ&l

whereas a bulk susceptiblility measurement would give
and X

thatal' 1f Jflocal nonlocal
sign, TK as measursd by bulk susceptibility experi-

were of opposite

ments would be larger than that obtalined by nuclear
orientation. It is ressonable to assume that the two

terms are of opposite eign if X is due to the

leeal
impurity moment and X due to the conduction

nonlocal

electrons attempting to cancel the mement, Golibersuch
and Heeger have proposed that the susceptlibility be
Aivided az in Eq, (%) to explain their NME results
for Cu{Fe]_qU They suggest that the spin polarization
around the partially magnetized impurity is oscilla.
tory in form and extends over a long range. Narath
and Gossard, however, do not observe the long range
behavior in their NMR work on Au(v) all-:::fs.2

It should be noted that Williams &t al, have
used nuclear orientation to measure Ty for Cr in
noble metal hosts and find that their values agree
with those of other types of Experiments.33 Also if

the hyperfine field is taken as positive and Eq. (4)

! L
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used, Tx =~ 200 K for the same values aff*eff and HSat
as used previously,

© Regardless of the interpretation of the data
used, it is ¢lsar that dilute Co in Au is magnetic
at low temperatures in the presence of an applied
magnetic field, The results to be discussed in
Sectiens B and C of this chapter also have a bearing

ort the interpretation of the Co in Au results,

B. Coc in Cu
The results for Co in Cu can alego be interpreted
in three waye. The first is that the hyperfine
interaction for Co in noble metal alloys iz negative
. and Hy~ O for Co in Cu, If this is the case,

Hintfﬁapp app’
the data of Fig. 12b shows a smooth change of

ghould go to zZero when th = H nowever

HintfHapp with host, This willl be discussed further
in the following sectlion,

The second and third interpretations for Co in Cu
are that the hyperfine field for Co irn noble metal

hosts is negative and Hpp~ 2H_ . or the hyperfine

Py
field is positive and th*- 0, The data of Pig, 12b
would support either of these explanations, However
Heeger gt al, have looked at the nuclear mﬁgnetic

resonance of Cu c¢ontaining 0,040 at & Co and found

.
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no Knight shift for the Cu resonance to within £0.2 G
in applied magnetic fields up to 11 ka.*® Since the
Cu nmuclei in the vicinity of a given Co atom are
sensitive o the local conduction electron spin
polarization caused by a local moment on the Ca, the
absence of a Enight shift and therefore a local
moment tends to negate the possibility that Hye~
EHapp.

No matter which interprstation is used it is
clear that Co in Cu is nommagnetic, i.e., the Knight
shift is less than 10% at low temperatures.in applied
fields as large as 40 kG, This agrees with the recent
work of Tournler and Blandin.hl They propose, using
susceptibility measurements, that it is necessary for
the Co to be in a cluster of three or more belore a
nagnetic moment is formed,

Transition element impurities are typically more

magnetic in Au than in Cu, For example, Hn in Cu
shows Ty = 0,0640,002 K** while Mn in Au behaves like

a free ion of spin 5/2 to below 0.020 K.uz

Similarly,
the Eondo temperature for iron in copper is much
higher than for iron in gnld.u3 The Kordo temperature
of a given element is typically lower in Au than in
Cu. A possible explanation for this is that the value

ol the Farmi energy is 7.0 eV in copper amd 5,5 eV
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iy The larger Fermi energy in copper indicates

in gold,
that it would take a greater energy splitting between
spin up and spin down 4 electron states to move one
spin state akove the Fermi level and cause loecal

moment formation. See Fig., 3.

G. Lo in Au-Cu Alloys

The results for the Au-Cu alloys are given in
Table 1II, The results ags shown in Fig, 12a are
surprizing in that the value of Hintf’Happ remains
constant, within statlisticg, for hosts between Au
and AuCu3 and then there is a sudden decrease in
going to Cu as the host. A poszible cause for this
type of hehavior weuld be clustering of the geld and
copper atoms, Since cobalt is more soluble in gold
than copper, €,5., 15 at & as compared to 3 at 2
respectively at 900 GC,45 the Co would be found
mostly in the Au clusters causing the value of
Hint,i'Happ to remain constant as long as there was
a substantial amount of Au in the hoszt. Thiz expla-
nation is difficult to believe as the AuCu3 alloy
and one of the AuCu alloys were quenched in liquid
nitrogen after annealing tnereby inhibiting the
Tormation of clusters, Both of thesa alleys still

give the large value of H;, . /H and the quenched

app
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AuCu alloy data agrees well with the rapidly cocoled
AuCu alloys. Also the fact that the intercept of the
Happ = 0 point i=2 positive for the Au and Cu hosts,
negative for the Aucuj and AuCu hosts, and zero for
the AuBCu host emphasizes the uncertainty in the low
HﬁFP points, The scatter in these points is grester

than in the high H points, as 1s to be expected,

app

since W{0) is smaller for low values of Happ and
therefore any error, such as an incorrect background

correction, will effect the low H oints more than

app P
the high H,,. points.

If the low Happ noints are ignored and the Happ =
O intercept required to pass through zero, see dashed
1ines in Fig. 11, the points in Fig. 12b are obteined.
It is felt that this data, showing a gradual change
Tfrom the magnetic behavior for Co in a gold host to
the essentially nonmagnetic behavior in s copper host,
more nearly represents the sctwal case ag far as the
retative comparison of hosts is coneerned, since the
Permi energy chahges smoothly from 5.5 to 7.0 eV in
going from a Au host to & Cu host, Therefore, using
the same explanation as in the previous settion, as
the Fermi energy increases it becowmes more difficult

Tor one of the d spin states to move above Bp and

become partially or completely emptied thereby forming
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a local moment., Then at temperatures below the Kondo
temperature it requires larger values of Happ to
break up the coupling between the conduction elec-
trons and locsl moment., the smaller the high tempera-
ture local moment, Although thls explanation is
certainly crude, it cannet be denied that the wvalue
of EF is of extreme ilmportance in local moment

systems.
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VI. CONCLUSION

We have shown that at low temperatures for
large values of applled magnetic field, Co =28 a
dilute impurity in Au shows a surprisingly large
Knight shift of 30%. This result is not consistent
with previous measurements on this gystem or NMR
measurements on V in Au, where the Knight shift is
=1,5% in the dilute impurity 1imit, Co might be
expected to behave somewhat like ¥, just as Cr and
Fe are gimlilar, The results for Co in Cu show, at
very low temperaftures in applied magnetic flelds as
high as 40 kG, a Knight shift of less than 103
indicating that the Co is nommagnetic. The results
for Co in a series of Au-Cu alloys indicate that the
transition from the magnetic behavior in a gold host
to the nonmagnetic behavior in a copper host occurs

smoothly with the value of H, ./H decreasing from

app
1.3=1.4 in gold to essentially 1.0 for a copper host.
Conaidering all the data available, both from
this thesis and other sources, one is led fto two
possible interpretations for the Co in noble metal
system, One igs that the hyperfine interaction is
negative and thfﬂapp varies smoothly from 2,3-2.4

in Au to—~2,0 in Cu, However the HMR results of Heeger

et al, tend to negate this interpretation as discussed
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in Chapter ¥V, Section B, Tﬁe segond interpretation
ig that the hyperfine interaction is positive and
thfHapp varies smoothly from 0.3=0.4 in Au to=~0
in Cu, The positive hyperfine interaction however iz
not in agreement with the severzl measurements on
other transi?ion metal impurities in noble metal
hogts, all of which have a negative hyperfine field
as discussed in Chapter V¥, Section A. The final

regolution of this dilemma. is dependent on further.

axperiments,
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