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"There are more things in heaven and'earth; Horatio, than
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TEMPERATURE DEPENDENCE OF THE HYPERFINE INTERACTION IN DILUTE
NICKEL ALLOYS USING GAMMA-GAMMA PERTURBED ANGULAR CORRELATION

. . | | Stephen Saul Rosenblum”

Department of Chemistry, and Lawrence Radiation Laboratory
e S University of California, Berkeley, California 94720

Jenuary 1969

- ABSTRACT
Perturbed angular correlation studies of temperature-dependent

hyperfiné fields at lllCd,' 99Ru, and lOORh solutes in nickel above and

111

below the Curie point are presented. For ~~ CdNi it is found that the

hyperfiné fielé is propoftional to the lattice magnetization éver the
engﬁre range of tempergtureé studied. For 9?Ruyl this is not the case,
and a.mOlecular field model is described which accounts fof.this be-
havior by ﬁostulating a local moment on'the ruthenium atom. For .
lOORhyi all data was taken;for Tc < T<L 1.2 TC and the hyperfine field
" was found to be proportional to the lattice magnetization. in addition,
a time dependent integactioﬁ is seen in ﬁhis case, which is accounted
for by.a deel based on the exchange;narrowing of a broadened Zeeman
'transition. Angular;correlafion apparatus capable of O.l% accuracy

and a furnace capable of +.5°C stability over 24 hours for use with

this apparatus are also described.



T. INTRODUCTION

Since the discovery of hyperfine fields in ferromagnetic metals,,l’2

these interactions have proven themselves to be sensitive probes of the

detailed behavior of electronic wave functions. ‘Since the rigorous ex-

plication of the hyperfine structure of a metal requires the solution of

ithe many-body problem it has not yet been done. As in all problems which
_'cannot be solved exactly, one tries to determine the most important inter-

~actions. It is here that the experimental work has prov1ded an under-

standing‘of the maJor mechanisms that give rise to hyperfine fields in
ferromagnets. | |

In.fact, in recentlyears, thesehmechanisms.have apparently become
well enough understood that hyperfine fields are being used as a tool to
study metals. Since the discovery by SamOilov, Sklyarevskii, and Stepanov5
that hyperfine fields also oceur at nuclei of nonmagneticv metals as
solutes in'ferromagnetsrthe range of_application of hyperfine fields has
expanded greatly Solute fields are of considerable interest because

they can be used to study separately the particular interactions that

give rise to hyperfine fields

The techniques that have been used to investigate these fields
include nuclear magnetic resonance (NMR), both by continuous wave and
pulse techniques, Mossbauer effect nuclear orientation, nuclear spec1fic
heat .and the technique used here, perturbed angular correlation (PAC)
Recent review articles describe ‘and compare these techniques in detail.h 2

Of these methods, the NMR technique has provided results of the

highest accuracy. As experimental_methods have improved, - the technique



of time differential perturbed angularjcorrelations.(TDPAC) hasfbecome
competitive with NMR'in‘accuracy The work on lllCd described here is
accurate to a few tenths percent TDPAC and NMR are formally equivalent,
the correlation function being the Fourier transform of the NMR line
:shape. TDPAC has the advantages over MR of W1der applicability (any
temperature, pressure, and magnetic field) and much higher sensit1v1ty
In the TDPAC technique, one examines the multipole radiation
pattern of a nuclear cascade. Inrthe absence of external,perturbation,
the angular diStribution'of two'yAtransitionsvin caScade'can e predicted
exactly from angular momentum theory and is given by a sum of Legendre
polynomials. If one applies a perturbation to the intermediate state,
ﬂthe'pattern will rotate.' For all cases described in this paper, this B

rotation arises from the interaction of the nuclear dipole moment and

the electronic magnetic hyperfine field. For such a system, the magnetic

dipole precesses in the static field at the Larmor frequency 'In a TDPAC.

: experiment we observe this prece351on as a function of time. A more

rigorous discuSS1on of these p01nts will ‘be given in Section IT.

All the data reported here have been taken by the TDPAC technique .

'except for that on. 99RuNi above the Curie point vwhich. was taken by the

less accurate time-integral perturbed angular correlation method The'

99

Ru in nickel were. 1nvestigated
111

hyperfine fields of Cd in nickel and

over the temperature range of h°K to 725 K.v The case of CdNi shows a |

particularly simple behaVior, the hyperfine field being proportional to
the lattice mapqctization over the entire temperature range.. A Simple

conduction electron polarization model is described to account for this.




The hyperfine field of 99Ru in Ni deviates markedly from the

lattice magnetization. "A similar behavior wes seen in the température

dependence of thé hyperfine field of 5.5Mn'in iron6'and described by

7

using a molecular field model with a

29

Ru are, to our knowledge,

Jaécarino, Walker and Wertheim
local moment on the Mn atom. Theé data on
"ﬁhe»first>determinatioﬁs of the'tempefature dependence of the hyperfine
field of a Hd impurity_in a ferromagnet.'.A molecular field model is used
to describelﬁhis behavior,vwhich, along with Jaccarino et al.,7 assumes &
local moment on thevﬁu atbm, but also takes accbunt of the expected large
contribution of cbnduction elecfrdn polarizationZto the hyperfine field.
On the basis of systematics discussed in Section 111, lOORh in
nickél is also expected tp sﬁsw local moment béhavior similar to thét'bf
93Ru§;. Since the hypérfine interaction ié’very large in 1OORh, it was
only possible td'carr& out meaéureméhté above the Curie point where it
is seen that the hy@erfiné field is proportional to the latticé magnetiza-
tion indicating that there is gg'locai moment above the Curie point. |
Because of the ﬁery large hyperfine ihtefaction and long lifetime
of the'intermediaﬁe'state,ih>109Rh, a time dependent intefaction is seen
he;e which is describéd by a model employing the theory of exchange |
narrowing of a broadened Zeem?n'transition. This modél, using the
molecular field apprbximatioﬁ;>predicts that the relaxation rate should
be proportional to the square of the induced laftice magnetization, a

prédiction which is substantiated by the measurements.
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' II. PAC FORMALISM

Because several treatments of the theory of v=y PAC are avail-

8-1

able, 0 the discussion presented here will be given principally in the |

interest of completeness. In addition to the published works cited in

refs. 8-10 the author is indebted to two sets of unpublished lecture notes

by R. M. Steffen which_greatly;clarified his oﬁn understanding of the '
formalism. One set ﬁas'cbmpiled at the Tata Institdte of Fundamental

Researchll and the second (and more detéiled set) at Purdue Uhiversity.l2

The treatment in these notes forms the substance of the outline given here.

The‘most‘genefél tYPe,Qf correlationAfunction describes the‘re-
lationéhip between two coherent quantum mechanical transitions of a
system. Examples of'nucléar sYstems descfibed'by correlation functions_

" are angular distributions following nuclear reaétion, éoulomb excitation;
particle-particle cbrrelatidﬁs, particle-gammé‘correiétions, and gamma-
gamma correlations. In the simplest case, one measureé onlybthe direction

of emission (or absorption)'of the quanté. This is a directional correla-

tion. = If one measures. +the polarization of one of the emissions in

addition, one has a polarization-directional correlation. If one measures

the pdlarization of both transitions one has a polarization-polarizatibn .
correlation.
_'The formalism for deséribing all these.éxperiments is exactly the

same. The theory, as described here, makes use of three principal tools:

1) the rotation matrices, DMu(a’B-”')’ 2) Racah algebra, 3) the density.

matrix.



el

1) The rotation matrices allow one to describe the two transitions
with respect to convenient quantization axeé.' After the matrix elements
are calculated with respect to these convenient axes, we can userthe

[&Lﬁa,s,y) to rotate them so that the emitted radiations appear in the de-

~ sired observation directions. This procedure is acceptable because the

Hamiltonian is a scalar operator and is»thus'rotationally invariant.

15

2) Racah algebra, as developed by Gardner, allows the summation
over m-substates to be carried out and written down in closed form.
3) The density matrix formalism was first applied to angular

15,16

correlations by Fanolh and by Coester and;Jauch. This mathematical
tool permits a very elegant treatment of twOvprincipal problems of angular
correlatibn of nucléaf radiations.' first, since nuclei may decay by a
transition of mixed ﬁnltipolarity (e.g. M1-E2), one is often dealing with
an impure state. Second, one is almost.néﬁer,able to examine a single
nucleus, but must look at an ensemble, all of whose members are developing
in time in é_purely statistical manner.. This incoherent mixtﬁre 6f impure -

states can be described without any simplification by direct application of

this simple and powerful mathematical tool.

A. The Unperturbed Correlation Function

In order to clarify the discussion we will consider the gamma
cascade shown in Fig;'II—l, gThis can be easily'generaliied, however, to ~
any typé éf correlation.) Iﬁ this case we begin with an initial nuclear |
state descriped by a density matrix P with tofal éngular momentum (or

"spin") I, and with (Ii)z=’mi.’ Using bra and ket notation, we have’



lI.m ). This state decays to the iptermediate level via radiaﬁion R1 in
direction (E;), produeing a state:|1m> described by density matrix p(i&).
This state, in turn,'decays Vie radiation R, in direction E; to the final :
 state IIfmf) describedfby density matrix‘p(ﬁ?,iz). Thus p(E;,E;) deSCribee
both the nuclear ensemble and the radlatlon pattern |

Let H be the Hamlltonlan descrlblng transition Rl so that . .

(Tmlo(®)|In') = 5, z <Im|H 1, HTpm Lo, - ;)

mm
ii

x_.(Im"IHl‘[Iim'i’)'* ' | ' o (11.1)

where Sl denotes summation over all unobserved properties.

Similarly, if H2 is the Hamiltonian for the second transition,

(e ®E, ) - sgz (1 oIl e) rmlo ) i)
X (Tmi|H, |Tm')™ B R (IIQé)'

where 82 denotes summation over all unobserved properties.

Substituting Eq. (II.1) in (II.2)

(Imolo (@R )|Ifmf> - 8182 > <IfmfIH | 7o) (T, | T )
‘ m, m' :

_mm'

' *, * S
X (Iimi]pilﬁIimi')(Im']Hllli.m{) (Ifmi',|.H2_|Im') : (11.3)



Let us only consider the case where the initial state is isotropic,

. | '(n_.u) |

t =

“Also, since we will observe all orientations .of the final state in a

normal directional correlation experiment, we can sum over m_.

T
Thus the correlation function is,
= o L R W > o o
By) =), B <D (1 le(® B)|Tmy) (1 .ha)

mf | m, _

where Pf(mf) is the probability of finding the nucleus in final state

“.|Ifmf). Thus,

w(i’l, 8,5, z (I, |H |Im)<1m|H 21T5m)
mfml » |
mm' '
X {(Im'|H,|I.m )*(i m_|H IIm')* (11.5)
L e LA o L~ A LLe2)

We must now evaluate these matrix élemenfs. Picking <ImlHllIimi>

as a typical example, the final state cohéists of the nucleus in state

|Im) and plane wave |ko), in direction ¥ with polarization o.

‘Expanding the plane wave in spherical waves the matfix element

becomes



(ImkolHlIIimi) = Z (Tmko|L M I){Im L M 1'[|Hl|Iimi) (I1.5a)
| LMI

If we now sepérate this_function into a nuclear part and a radia- .

tiQn part, and meke use of the Wigner-Eckart theorem we can evaluate the

matrix element:
R - -T4Lems (I LI,
(Imko|H)|I;m;) = 2 (-1) \m Mom )
o LI o
x (Ko|L u my(Tl(z M), ) . (11.6)

Now, we make use of the rotation matrices to transform the radia-

tion from an arbitrary z-axis to the direction of emission,

L . I4em, /T LI
(Tuko|m | Tm) = B (-1)

L m - \m M .-mi

@-Balenlr) G

x (Oo|L p I) M

;Thiskis_the desired result. If we now carry out the same procédure for.jf

the other three matrix elements, perform some Racah algebra to carry out

, the_summations.over-mfsubstafes-ﬁe obtain the expressioh for the unperturbed‘

correlation,




oot ‘—I'{ '
mit Kk, LTs WO,
1 ,
Loby 1975

wee) - <-1>_21-Ii:1.fz SN S e

- | | ' I 1 k)
x {(2k1+1)(2k2+1)]1/2 <I- 1 k1><I 1 k2> l\
. : r _ t Tt

: | o m' -m N m' -m N,/ |U; Ly I,

1

. I I .k2 . tyt . *
Sl B el eina degin”

272 °f

X <1||(Llnl>||Ii><I’llLiHillii>* -

kl k

' ¥ ' ) > oy - -
X C (Lin)e, (@i (Z-%)D.  (Z-E)
KTy L kT TR Ty 17Ny,

(I1.8a)

<

where the CkT(L’L), the radiation parameters, are given by

CkT(}LL')F_ Sz.(-l)pl’“' (Ekfl»)l/aﬁ(ﬁ __ﬁ', f) (0o|L H)(OG'IL'I-!"H'>*

upt : ' (11.8b)

These'fadiatioh pérameters contain éll thé information about the properties

ijthe radiation which are obéerved_iﬁ the experiment.‘. |
Since, in Eq. (II.Ba);only the 3-3j symbols dépend on m and m?,b

the summatioh‘over m and m' can be’easiiy cafriéd out using the orthog-

onality relation for 3-j symbols.f This will not be done, however, since

.we wish to determine the Bérturbed correlation function.. The perturbation
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mixes up the m-substates and no longer allows us to perform this
summation.easily.

If we now specialize this expression to directional correlations

jTl =T, = 0, and eliminate extraneous phase factors,
- I kl I I k .
Wk k) =y 2 Z Z o )\ v @
. mm' klk2 l 2

1 1‘ 1 vt 1 ' N{' 3> Né g .
X Akl(LlLlIiI_) Ake(ngaifI) Y (k) Y, (&) (1.9
" here . 3
) T I -
A} (L LjI,T) —z ;0 (L, 1) {L By :1} Ill (L ()N
* Iy | : T _ |
X (Ill(L:'LIIi)||Ii§ | S | (IT.%)

These Aﬁ_-aré not yet normalized.
i ,

and likewise for Ak (L2 o fI)

B. The Perturbed Directional Correlation Function for Static Interaction

If we now go through this derivatidn again, but.remove the re-
striction that the density matrix for the second fransition is the s&m@
‘ matrix that is produced by the first transitioh, i.e., if we aliow the
density matrix of thé intermediate state to change in timé, we can arrive

at the formalism fdriperturbed.directionél correlations.
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Tt is a general result that if the evolution of a density matrix '
is caused by a time-independent Ham_iltbnian , the density matrix at time
t is given by

-iKt/i

;p(tzo)e+iKt/h

| ‘:_'p(t) = e

' where K is the Hamiltonian of the interaction.

Thus
- “iKt/h o oy Kt/
p(k ,t) =e © p(k),5=0)e

where: ;p(?l ,t=0)k is the density matrix produced by the first tr"a._nsition.

All we need do now is replace the matrix element (Imljp(l?l)|1m')

in Eq. (II.2) with this result. This gives

(Tomgl o, Byt | Timl) = 8, > (1wt m)

e
y (Imalé-igt/h_p(gi:t=0) SHKs/8 |1m, )
X (Ifmélﬂallmb)* | . (I1.10)

If we now make use of the properties of the projection operator,
Z II-m)(Im],l7 set A(t) ='e-1Kt/h and insert the expression for

(Iml;p(fl,t=0)|lm’) from Eq. (II.1), we get



z

;ngf

SENCA t)IIfmf>-z Z z (Tgm|H, | Tm,)

m, m'
x <1ma|A<t)|Im>~<1m1HllIimi><Iimilpi-lxim;>
X <Im’IH II m}) (Im IA (t)lImb)<Ifmle IImb)
- ()

If vwe again make the assumption‘that thé initial density matrix .:

is isotropic and summing over final states we find

W(E’l,l_c’e,t) = sl 3 L. Z z (IfmfIH IIm Y(Im|H, II m, )
' mfml ! 2% o

X

(o, | Iimi.>*< Tome| By Img)*

X

(ImalA(t)IIm)(Im.blA(.t)lIm~"-) - (11.12)
This is the same result as found‘in Eq: (II.5) except that we

have inserted a coupling matrix

<"Iinam51é(t>'llm"> = <Imalf_x(tj)lIm><Imb|;&‘(t)|Im'>*z' (11.13)

If we proceed the same way as before,'ﬁe obtain an equation

»

analogous to Eg. (II.9)
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(¥ ,B,,t) = Zz  Akl(LlLiIiI) Aké_(LeLéIfII(2k1+l)(2k2+1)]'l/2
NN,
N.N N* O on;
172 1, 2 ;> )
X G o ()Y (&) ¥y (X)) (I1.14)
"k, kN1 R

'where*the'Aki are those given in Egq. (II;9a) but have been normalized so

3 i
that A (LL 1112) =1 and

. . »_21 o | .
et 2t) = :2 (1) oy Ty, [(2k1+1)(2k2+1)]1/2 <I I kl>
m,m ' o m' -m»l\Tl

/T T Ky o . |
><< | . >(ImhlA(t)IIm)(ImbIA(t)llmi) . (I1.15)
m.b -ma N2 v v - | . ; .

This is the general form of the perturbation factor for static fields.

1. Perturbation Factor for Special Cases

In order to evaluate the perturbation factor one must first find
the eigenvalues and eigenvectors of A(t) in the | Im) representation.

a. Axially symmetric interaction. If the intefactidn is axially
8,10,11,12 '

symmetric it can be easily shown that



ke

NN,

m! -m N/\m

‘-i(Em-Em,)t/h
X e .

~(11.16).
provided that the axis of symmetry is chosen as the quentization axis.

The total time-integrated attenuation factor for this case is

m' -m N

. , . c o ' \2 7-1 o
G ) =2 (I T k)e [1 + (‘-E#‘-‘h—g'l'— t) ] - (11 .16a)
m : - ‘ o

If one has a collection of microcrystals, the interaétion‘is
randcmly oriented. If the interaction-has axial sjmmetry, one integratesl

over all angles and obtains

NN

. . v | . o .-E. |
Gkiki(t) = Gkk(ﬁ)'= [21_&+:L]-l +.§S <I ’I kv> 96? (-mh m;)t,
- ()™ D GNkll\cT_(t) B - (I1.17)
N | o

The total time integrated attenuvation factor for this case is the same

‘as Eq. (II.16a).

b.  Static magnetic fields. For a static magnetic field,

Em - Em, = -NguNH

(_ Gkikz (t) = GNklka _(t? =m;[ (ekf.l.) (é152+1)11/2 <I T kl> <I’ Tm 11;2> :
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Substituting this in Eq. (II".16) and using the orthogonality relation

of 5-j symbols, we get

' -iNw_ %
1011 D s &
Gkk(t) = e
84 ‘
where mL ='_h_ ‘is the Larmor frequency.

The_directiohal correlation for the case‘in which the external
field, H, is perpendicular to the detector plane becomes

k'ax

QO = 3 ARMEI osEaR]  (19)
, . k=0 i | -
even

where 6 is the angle between the detectors.

The total timé-ihtegrated attenuation factor for this case is,

from Eq. (II.16a)
G eoE) = (@)L + (mp)® 7t (I1.1%)

For a rahdbmly oriented magnetic interaction, from Eg. (II.17)
one obtains the attenuation factor

Gkk(t) = (ék+1)';2 'GNkll\z(t) = (ekfl)'lz cos Not - (11.20)
. N - .

(11.18)
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which, in turn, leads to a correlation‘function of the form

- -1 22 | | . -1 | : "
we,t) = (un) . Ak(Rl)Ak(Re) %2k+l) ZE costLt]:Pk(cose)
k. o '
: . . N .
(11.21)
Again, 6 is the angle between the detectors.
The time-integrated attenuation factor for this case is the same

as that given in Eq. (II.19a).

C. The Perturbed Directional Correlation Function for Combined

Static. and Time Dependent Interaction - The Superoperator Formalism
In recent work by_Helmut Gabriel;8 avhew'theoretical épproach'to
the calculation of the perturbation'factor has béen developed.

In this treatment,'Oné works in a Liouville space spanned by the

" normalized spherical_tensor operétors, Uék). In this space the perturba-:
' - N.N- : o : S
tion-factor‘Gkikg(t) becomes a time-dependent superoperator transforming

: (k) (ko) :
the spherical tensor UNll to the tensor UN22 . Thus Eq. (II.14) can be

written

.
/.

3 R N IR
"R = 3 (@I ) (o Bl )

. 1
Rkl : .

Kol | - «

SRR : |

k) | S - o o

x \ Uy | p(¥,,4=0) ) - (1II.22) A

1 1 - | - .

where



-

y, ) . )
(t) < N 8ee)| Uy >
l 2 2 l

(p(k)lUl»\(Ik)) Ak YN(6,¢>) [LLII/ (2k+l)]l/ 2 | (TI.222)

and

Aside from the greatly simplified notatibn, this change of repre-

: sentatlon also prov1des a convenient form for der1V1ng the symmetry re-

Nq N
latlons and general propertles of the perturbatlon matrix G, ke(t)
172

The detalls of: the derivation are too complex to present here
and the:readér ié referred to Gabriel's'paperls for them. Gabriel's
treatﬁent also separates the density matr?x‘of the coupled nuclear and .
électrOnic system into'a nuclear‘part and ah average over the unobserved
electronlc part using Zwanzig's progectlon operator technlque 9 The

propertles of the electrons and any applied fields enter: the theory via

~ 'second-order correlatlon functions, which are defined in terms of thermal

équilibrium ensemble averages of the operators describing these inter-
actions.

The results'which Gabriel derives, which are of speéific interest

'~ for the work presented here;_are applicable under the following restric-

tions:
1) Purely magnetic interactions with the nucleus
2) High temperature limit, i.e., fwy << KT

T ) i.e., the correlation time of the

1

3) T << (TN)“)L ’ Tl’

‘electrons is much shorter than any other time of interest,

The. time diffefential perturbation factor is given by
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' iy - £
.Gg(t) =e kN b (11.23)
where

,VkN_= e _

Ny = (guN) ‘ N2[J (o) ¥ J ( -, )] - k(k+1) Jll(-w )l

Jig(ao) =% fp:‘dt em’tv l[h (t), h (o)]>

@) = - % wdt el‘”t < [h (8), » (o)l >
h = I?eff C <He£‘f)ﬁ:' | f C l. (11.23)

The J's are ﬁhe spectral density functions which afe.the Fourier
“transforms ofithe enseﬁble averages of the magnetic fluctuations; tﬁe
_correlefion'functions.

The main.difference between.this resulf and that of Abragam and -
Pound20 is that there is a different value of kkﬁ the relaxatlon constant, '

for each multlpole orlentatlon



©=19- .

P — V'I"""‘i'

F?;’(L-i’l-G) .‘

| Rz (La, L)

ol k) — v I mg
 XBL68I2-7497

- Figure II.1



-20-

III. HYPERFINE FIELDS IN FERROMAGNETS

A. -Formél Hamiltonian

;A completely rigorous understanding of hyperfine interactions in

R

ferromagnets awaité further ﬁheorefical ﬁork on the many-body problem.

In order to point out thé appro#imations whicﬁ are presently made to db-
tainvé tractable theoretigal:model; it is best to ﬁrite down a:formal

‘ Hamilfonian for the pybblem and then simplify it. A Hemiltonian -which is
applicable to both a férromagnetic hqst metgl and solutes iszgl

>

+ 280+ 8+ 8-y H -1
T ex L - Y1

3
. VCf c

+

2B¥I(r”3)f{f»- T+ [en(ie1) -] 8 -1

B HE-hE-hHE BN (111.2)

vhere 8 is the Bohr Magneton.
,In'usihg,this Hamiltonian we pick a particular atom, characterized .
by the quantum numbers L, S, and I, acted upon by all the other atoms in )

b : L >
the lattice characterized by V the crystal field interaction, Hex’ the

cf’ _
. -> ) . . >
exchange field, and Hc,_the conduction electron polarization. ,The AL S
term is the electronic spin-orbit interaction and the terms in curly
brackets represent the magnetic hfs interaction in operator equivalent
notation. ™ The L * I term represents the interaction of the electronic
orbital magnetism with the nuclear spin, the kS 1 term, the core polar-

ization and the three terms in & the interaction of the electronic spin
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with.the nuclear spin.: &fB) isbevaluated'for all unfilled atomig sheils
on the atom in questioh. e |
The first three termé are the largest and must be evaluéted‘first

to give the zero order wave functions.'lﬁxcept for rare earth solutes,
the Af . § is smaller ﬁhan the other qu terms, ieading to a good deal ofv>
simplification. The rare earth cése will not be discussed here.v The
reader is referred to recent work by Shirley et-al.21 for this case.

| For the situation in which the spin-orbit coupling is smaller
than both thé crystal field and the exchange field (which obtains for
all cases described in this paper), we can assumé that the electronic
orbital angular momentum is quénéhed by_the crystal field. If we restrict
oursélves_to cubic lattices, wékcan rewrite our Hamiltonian, Eq. (III.l)

as a sum of two parts,

.3:1=V311+ 342 | | | | (IIIi2.)
wherelil.= YCff which deéermines the zero order wave functions and.
TR (U TS S E I
= QBﬁeX . 3 - YIT . [ﬁc +328< r—3 )K §]
= 2B§ex - 8- YI'I’ . ﬁhf (11iI.20)
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The second term above is in the form of a magnetic field acting

)3

on the nuclear moment.

Of the terms in H,., the exchange term is the largest. We may

2’

imagine that it is evaluated first to give (SZ) allowing us ‘to rewrite

->
: th as g scalar
Ho=H + 2(sZ)Hd L _ (111.3)
where H, = BK(r-3), the core polarization hyperfine field arising from a

d

single unpairéd d-electron.

Following Shirley and Westenbarger23 we‘write, Hc = pHnS where
Hns is‘the hyperfine fiéld.ariSing ffom a ffee atom ns state. This sub-
stitution is permissible_beqause we expect~that'conduction band s-wave
states’resemble the atomic functions near the nucleus.

Thus our final equation is

thi= pﬁns.+ 2(Sz>Ha ' B S '; (II1.4)
The fir§t term on the right is the-conduction.e;ectron polarizatipn (CEP)
céntfibﬁtion and the:secohd is the core polérizatidn.(CP) contribution,
which arises only in cases where_fh;;e are unpaired magnetic eléctrons
‘(i.e.,'open p;d shells). This gquation'should be valid for:all impﬁritieéﬂ
in ferromégnets‘exgept for thqse with incompléte f-shells, becéuse we |

a.ssumed-V\c >> AL - 5. -This equati6n‘will be used later in this section

f

to relate the appearance of local moments to large core polarization con-

tributions to the solute hyperfine field.
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B. Models for Ferromagnetic Metals

The exchange_intéraction is the underlying phenomenoﬁ of all
ferroﬁagnetic behavior. The most obvious macroscopic manifestation of
fefromagnetic behavior is the spontaneous magnefization, the sample
magnetization in the aﬁsence 6f an appliéd magnetic fiéld.

In the case of irdn, cobait-and_nickel, the electrons involved
in this exchange interaction are the unpaired-d~electrons. If one con-
siders that these d—elecfrons are localized én individual atoms (a reason-
ably’good approximation) the spontaneous maghetization can be considefed
to arise from the summationvof all the atomic moments. It is these same
d—electrons which are alsovrespohsible for the large magnetic hyperfine'
fields at the nuéiei of atoms in ferrOmagnets. In cubic ferromagnets,
these fields érise principally from the Fermi contact interaction of

s-electrons which have been polarized by the d-electrons. The mechanism

3

by which this polarization is created is not quantitatively understood

at present, but there is much theoretical endeavor directed toward such

~an understanding.gh Because of'this, most approaches to the explication

of the behavior of magnetic hyperfine fields have made use of the theories
used to describe macroscopic magnétizdtion.
A theoretical justification for this assumption has been given by

W. Marshall25

and has been borne out in several cases cited in Sec. III.C.1.
It is therefore useful to summarize here the characteristics of the prin-

cipal models describing ferromagnetic behavior and to indicate some of

their relative strengths‘and weaknesses.
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The exchange interaction arises from purely electrostatic forces

. as

as a result of the Pauli exclusion principle and is written most generally ®
¥o--2> 5.8 -8 N € 56 383
e ij7i , '

where Ji' is the strength 6f the inﬁeraction and.Si and Sj are electron
spin operators. The summation is carried out for all atoms i. with all
other atoms j‘# i. The exchange interaction is not genérally isotropiq.

Frqﬁ this point, two basic approaéhes to the problém proceed. The -
historically older approach is Basedvon the idea that the magnetic-electréns
are locaiizéd on ind;vidﬁal atoms and are interacting'principally with
nearest neighbors. Thesé models include the Weiss model:(cléssical), the

Heisenberg model, the Ising model, the spiﬁ—wave model, and the various
types of cluster—éxpansion models.

The other approach is based on the idea that the magnetic electrons
are itinerant,.forming bands of spin-ﬁp and‘spiﬁ—down electrons which are
split apart by the exchange'interaction; " These comﬁrise principally models
using_time-dependeﬁt Green's functions. . | |

1 Some of'the stréngths and weakﬁesses of these models will be
pbinted out here but no attempt will be made at completeness. Those
interested in‘fufther'ehlightenmént are hearfilyrfecémmendea to any of

the many excellent books26 on the éubject.
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- 1. Localized Elecpron Models

.The Weiss molecular field model is the oldest (1907) description
of ferromagnétic behavior still in active use} It is based on the idea |
that a molecular field of (at the‘time)'unknown origin acts on an assembly.
of ideal paramagnets to produce;a net magnetization, even in the absence
of applied fields. This modél gives thé‘well4knowh Brillouin function
depenaénce of magnetization on temperatufe.'-

Aside from its main advantége of conceptual simplicity and analytical
SOIubility this model gives iﬁfofmation on the-entire raﬁge of tempefa#ure,
above and below Tc. It is also found tojbé iﬁ good qualitative agreement
with measuremeﬁts on ferromagnetic s&stemé.:‘However, its detéiled agree-
" ment is poor. Aside from ﬁhis,’it is not quantum-mechanical, so that it is
_ hot expected to lead to any_ﬁicroscopic understanding of cooferative

phenomena. |

‘Both the Ising and Héigenberg models.provide informétion over all
- temperatures but have fhe disadvéntage of not being-exacﬁly‘solﬁble for a

3-dimensional lattice. The Ising model is thé simpler of the two, its

vHamiltohian being

‘HI = -2 Je;éj S,15,4 = €8H, Z.Szi ) » - (I11.6)

where Hb is an applied field.
The exchange interaction COnStant, Je; is assumed to be isotropic

-and x and y' spin componenﬁs.are:replaced by théir time averages,
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assumed to be zero. This is a very tractable Hamiltonian since all
operators in it commute.
The Heisenberg model retains the non-diagonial spin components,

its Hamiltonian being

¥ = -2Je2 Ei.‘s’j+ gﬁHoz szi'> | (1I1I.7) |

BT

- The exchange_coup;ing éonstént-isistill'assumed to be isotropic.

In calculationé using these models one is usually required to
carry out the first summation only over_nearest or next néighbors in
order to keep the célculation fractablét This is only valid to the ex—"
tent thaﬁ long range interactions Can be ﬁeglééted; a very dﬁbious
assumption in metallic ferroﬁagnets. The predictive ability of these -

models is limited to a large extent by the ingenuity of the theoretician

in making thevcorrect approximations for the System under cbnsideration,_

two of the most successful ones béing the spin ﬁavé theoryv(valid only
at low temperatgres T < Tc/lo) and the Bethe;Peierls-Weiss clﬁster'ex—
pansion method (vaiid forvT‘z Tc)'

“ The spin wave hodel is'baéed on the idea that the graund state
of'a ferromaénetic'éystem is that in which gll the spinsvare alignéa
farallel, - The lowest excitation'of.fhis sytem.would be the case in
vhich a single spih'is inverted. Simple considerétioﬁs show that the
~ exchange Hamiltonian-dOes not perﬁit this as an eigenstate. This de-

viation travels throughout the lattice as a collective spin excitation,
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3/2

a magnon. Th1s theory predlcts a T »'dependence of the spontaneeus
magnetlzatlon at low temperatures, in very good agreement with experiment.

The Bethe-Peierls-Weiss cluster expansion technique is based on

the idea that in the neighborhood of the Curie temperature one can neglect

the long-range order in the sample and evaluate the Heisenberg Hamiltoniani

only for the nearest neighbors toLspin_ i and approximate the interaction

of the rest of the atoms with this cluster by:an effective field, i.e.,

the Hamiltonian is

- --2J§ z —gBH z s —gBH §1 _‘ (I11.8)

where vais the effective field acting on the clustef.
This Hamiltonian negleéts the interactions between nearest’

neighbofs. This model gives good“results for T > TC but for T < TC

predicts a spontaneous magnetization increasing to a maximum and then

dropping to zero as temperature decreases. The idea of the magnetic
cluster has fecently been exploited by Kouvel‘and Redbeli27 in discussing

magnetic fluctuations at the critical temperatufe.

2. Itinerant Electron Models
The earliest itinerant electron theory was that proposed by

Stoner28 based on a self consistent field solution for the Hamiltonian

: JCS(E,o) =€, + z . ’[V ,—- 500_. \)(K-ﬁ')]n(k',o') ' (I11.9)
k',O" '
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where ek.is the enefg&}of»the unpefturbed Bloch e;ectrons, V is the.elec—
trostatic repulsion term,:v(k—k') is.the exchange interaction between‘
electrons of like:spin, and n(k'c') is the density of electrons of quantum.
number (k',0'). This ﬁodel leads to ah exchange splitting of the electrons
near the Fermi surfaceiinto twe bands.

The more recent approaehes to this problem have made use of time-
dependent Green's fuhetions, a mathematical tool developed to treat the
ﬁany—body‘problem in quantum.electrodynamics; ‘The essenfial element 6f1
this:techniqUe is that it allows a pertufbation—theoretic approach te_thev

solution of an essehtially infinite set of coupled equations, i.e., those

describing two Body interactions, three body interactions, etc. It allows’

the summation of cﬁoeen interaetioﬁs to ihfinitekorder-—the evaluation of
a series expansion of tﬁe‘particula} intefaction matrix element»in closed
' ferm'while.neélecting'completely other lower order but weaker interaetions.
It is this last point thet taxes thevingenuity of the theoretician in
reaching a good solution.
The Green's function method, as deecribed by Callen?g uses the
Heisenberg Hamiltonian (Eq. (III.7)) to predict temperature dependence of

3/2

thevmagnetization over the entire temperature range, giving a T result
at iow femperatures ip agreemenf with spin—wave theory and experiment and
at high temperaturesAgives a susceptibility x‘a /T + TC/T2 in agreement
with the.result derived by a rigorous eXpaneion of the susceptibilityvin

30

powers of -1/T. In the region below Tc the one adjustable parameter

permits good fits to the.magnetization data.

.

[
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This is in contrast to the Stoner model which gives a T2 temperature
dependence at low temperatures and not_enoﬁgh curvature for T > Tc' The
Stoner model also has the severe disadvantage.of béing difficult to inter-.

pret analytically, it generally being necessary to give'predictions in

‘tabulated numerical fofm.

C. Temperature Dependence of the Hyperfine Field at Impurities
in Ferromagnets

1. Non-local Moments

In view of what has been discussed.in tﬁe eariiér parts of this
Secﬁion we éleérly might assume that the hyperfing field at thg impurity
aton is'propo}tional to the lattice mggnetization. This is almost cer-
tainly true for the host lattice'iﬁéelf and has been demonstrated experi-

mentally'by Nagle31 et al., Benedek and Armsfrong,32 and Preston, Hanna,

33

and Heberle™~ for pure Fe and by Streever and‘Bennett3ll for pure Ni.

This assumption has also been demonstrated to be true for some impurities

e.g. s CoN_i_,35 F'e_N_j;.36

¢

For the case of lllCdEl’described in Sec. V, the hyperfine field

11

at the 1 Cd nucleus is clearly seen to be proportional to the lattice

magnetization over the entire temperature range that we studied. To
describe this case, we make use of a model developed by Lovesey and

37

Marshéll based on the moleculaf-field model. This model Wili be used

in Sec. V.C.
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- 2. Local Moments

For casés in which the impurity hyperfine field is nbt propoftional
“to the lattice magnetization, it is not clear how to proceed. This is the

99

case for ““RuNi, which will be described in Sec. VI ‘and is pdssibly the

case forleORhgi, to be described in Sec. VII.

The first questioh to be answered is to determine why these im-
purities are different from Cd. After this queétion is analyzed we can

thén attempt to incorporate our conclusions into a model for the systenm.

a. Local Moments-—Why? | So far as magnetic préperties.are concerned;
the most obvious difference Between Ru and ﬁh on one hand, and“Cd on the
other is that the former.two have incbmpleﬁe % eledtron shells. Since
unpaired d-electrons are resﬁonsible for ferromégnetiém, there is good
cause to expect Ru and Rh to-behave differently from Cd." |

| If we now consider thé_impurity‘magnetic hyperfine field to be
described by Eq. (III.h) we see that whéréas Ru and Rh are expected to
have contributigns to H#f:ffom ﬁoth CEP and CP, cd will only have contri-

butions from the former. As is pointed out.by Shirley, Rosenblum, and

21

Matthias the CEP can be very well described by

H . = .02TMH_

hf s

-Where_u is the host magnetic moment and Hns is'the magnetic hyperfine
field arising from an unﬁaired atomic ns-electron.
_In Fig. IIT.1 is shown a plot of the existing data on the magnetic

hyperfine fields for 4d and 5d impurities in an iron host. The solid
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curve is.calculated by Eq. (111.10). It is clear that the fit is quite
good for the first half of the d-shell; but the fields deviate quite
markedly at Ru and~Oé before returning to the1CEP baéeliﬁe at Ag and Au.
This is strong evidénce’forrfhe existence of unpaired d-electrons on the
impurity atom. In fact;'by assuming that this deviation is solely due to

CP, and making use of derived valﬁes Of-th = - 370 kG38 and

39

H = - 1180 kG, the fields due to a single unpairéd hd and 5& electron

5d
respectively, we can éalculate an impurity maghetic momeﬁt. These cal-
culated moments are compared to those‘determinéd byvmagnetié scattering
of neutrons from the work of Collins And Low)40 and Campbellhl in Fig.
III.2.v The agreemeht is quite good considering the approximations in
our model and the fact that the two methods measure somewhat different
Quantities, viz, the spin density at the solute nucleus versus a magneticv
,distﬁrbance near the solute atom.

It can clearly be inferred from these data that the”first half of
éach transition series havé sﬁall or zero locélized d-electron unpairing
in iron. The unpaired‘d4electrons are mostly itinerant in the early
membefs while for the lafter half of the trénsition series they are
more localized on the impurify atom (or equivalently, mbre weakly
coupled to the lattice). It‘is.these latter impurities which we call
local moments.

b. - Local Moments--Temperature Dependence of thevaperfine Field below T,..

A third method for studying locél moments is through the temperature de-

ﬁendehce of the hyperfine‘field, a technique which was suggested and used

T

by Jaccarino, Walker, and Wertheim (JWW) . These workers explained the
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temperature dependenceiéf th onﬂSSMn in iron in ierms of a'molecular
field model‘involving.a locaiized moment on the Mn atom. In further
work on this idea, Callén, Hone, and Heegérhg and later Hone, Callen
and Wza.lker)43 outlined the conditions under which the molecular field.
.theorylcould be expecﬁed to rigoréusly describe the impurity moment;v
Following this, Low,b'h and Shirley, Rosenblum, and Ma’cthia.sgl pointed.
out that the Jﬁw model heglected the CEPvcontributidn to the hyperfine

" field and were able to fit the 55MnFe data with a differeht set of

parameters. We will first describe the work of Callen, Hone, and Heeger
‘which justifies the usé of the ﬁolécular fiéld model, then the JWW model,
and finally the JWW model quified to take'aécount'of CEP;f‘

In the treatment of Callen, Hone and Heeger, and Hone, Callen and
Walker; the Green's function theory of ferromagnetism is used to predict
.the thermal average impurity magnetiC'momenﬁ. They first define the
‘quantity Ag(T,E) which gives the;spgctral distribution of spin excitations
in terms of the imaginary part of the retarded Gréen's function Ggé(E)'
The Green's functiéq formalism in the random phase approximation is then
used to calculaté the ﬁeah occupation numbér of the_excitation spectrum
whichvis ;hen‘setvequal to the‘distribution function of a ficfitious
boson of é ”quasi—boson eﬁergy,“.ﬂ(g)'which in furn leads to

x<s§;> = S, Bg; [Q(g)/kT] ‘ (III1.10)

I

where Bé(y) is a Brillouin function.

¥
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If Q(g) weré to be proportional to the host magnetization this
would lead to the molecular field theory. The twb‘necessary conditions
for this to occur are demonstrated to be;
1) fhat the impurit& either be more strongiy or'more weakly
éoupled'to the host léttice than a host atom.
2)' the spin flip ekcitation spectrum Ag(T,E) of the impurity spin
‘should consist of a single sharply defined energy, proportional

to the host magnetization.

7 55

Jagcariqo, et al.,' obtained very 'good fits for NMR data on ““Mn
in iron” using a model in which a localized moment on:the manganese atom
is ofiented in the exchange.field; Ho, =.C(OT/0;)(kTC/gB).' Here Hex is
scaled to the reduced lattice magnetization (OT/OO) by a constant C that
-ﬁakes account of the host-solute exchange energy being smaller than the
host-host exchange enérgy. The hyperfine field is then proportional\to
Bj(y), the Brillouiﬁ function: of spinvj,zwith y = gBHe#/kT. These workers

found a'gobd fit (<0.5%) for H,  _(T), using j = 3/2,.and rather poorer fits

_ ht
for othgr values of j.
‘Thi§lmodel fook no account of contributions to th from conduction
'elec£rons. Suéﬁﬁcoﬁtributions are clearly present in many other cases and
are expecfed to 5e_present, to some extent, in'ail.ferfomaghétié metals.

ne 18 expected to follow the lattice mag-

A conduction-electron term in.H
U : 21 Lk
netization rather closely. Along with Shirley et al. and Low = we-

shall assume that contributions from conduction electrons and from

localized moments, H_(T) and H (T) are additive, and that H_(T) is pro-

portionél to the lattice magnetization and we have,
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. dT
th(T) = Hc(o) s HL(o)B

(y) , (III.11)
0 . '

J

If we compare this to Eq. (III.4) we see that the forms are
1dent1¢al if we identify HC(O) = pH _ and (SZ)T = (SZ)O Bj(y) with
HL(O) = 2<sz>O H Shirley et al.Zl.also showed that using Eq. (III.11)

they got equally good fits for all values of %-g_j g_% for 5SMn_F_g.

a

The model is'COnveniently summarized by defining the reduced

. . . g =0 Ls = '
lattice magnetization O T/Go’ and by denoting by f HL(O)/th(Q)
the fraction of th(O) that has local origin. _Thé reduced hyperfine

field at the solute nucleus is then

H (T) | S

- = + - . .
E;;T6T' fBj(y) (1-f)og (111.12)
This is a relation which, for any j, Wé may try to £it th(T)»using two

adjustable parameters, j and f. We Shall use this model in Sec. VI to

99

£it our ““RuNi data.

X

3. High Temperature Behavior of Impurity Hyperfine Fields
For a given j, the independent variables in Eq. (III.12) are the

absolute temperatufe; T, and the lattice magnetization, O . -In a given

T
host lattice, these variables are related, below Tc’ by the magnetization
curve, and there is no way to study the dependence of.th(T)/th(O) on ©

or T alone. In a case such as FeMn, for which excellent fits are obtained
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for several values of j, but w1th quite dlfferent values of f(j), it is
desirable to determlne f_v(and thus J) by varying © and T separately
Thls is possible w1th1n the framework of the model because H depends on -

0 alone, while H depends, through Bj’ on G/T.

L
For T > Tc, 0 and T can be varied separately. For a given applied

field,’Ho, the effective field is given by

91,1

Hopp = H(14K) = H_ + H (0) o H, (0)B,(y) (111.13)

if Eq. (III.11) is still applicable. Here K is a paramagnetic Knight

shift. If one then edjusts Holto keep GT H/OO constant, one obtains the

~dependence of K(T) on T alone. This shift is negatlve, and for T 2 Tc

can be as large as 100%. For T >> T it approaches zZero asymptotlcally.

The behavior of thie eurve.should be .insensitive to the value of. j if
oﬁe usee tﬁe ?alues of f ‘ande found below Tc' Of course,_this treat-
mert is based on the eSSUmptien that local moments erist above'Tc if they
exist below Tc; and that Eq. (IIIle) is still applicebler

99

For the case of ““RuNNi, it appears as if there is a local moment
above Tc, since‘the_hyperfine fieid is not proportional to the induced
megnetizatioﬁ, .However, as innted out in See. VI.D we have reason to
sﬁspect fhe reliability of these resulﬁs.

For both the case of lOORhEi_andlllCQEi; described in Sec. VII

and .V respectively, the hyperfine magnetic field is found to be propor-

‘tional to the lattice magnetization indicating’'that there is no local

moment above T, in either case.
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For the case of looRhEi,'in addition to the static hyperfine inter-
action we aléo find a time-dépendenf ihteraction which manifests itself aé.
an exponential attenuation of thevTDPAC spectrum. The tembérature and
magnetic field dependéncé of fhisvrelaxation.rate leéd us to believ¢ that
it arises from exchaﬁge narrowing.us’hG

. The'origin of this behaﬁior can 5e‘understood on the basis of é
siﬁple model. Let us.considér'a éystemléf,atoms'withiniwhich a ferro-
magnetic exchange intéraétion_exiéﬁs, and an impurity whose hyperfine fiel§
is producéd 5y'indirect hyperfinevinteractions with'neighboring magnetic

lllCdEi_and looRhEi_above Tc'

étomé. This éhould clearly be true fér
Fluctuations of the electronic spins‘on the nickel atoms éauses spin-
lattice relaxation and time-dependent attenuation of tﬁe anisotropy. At
very high temperaﬁure, thebspins are'uncorrelated ané make random contri-
butions to the fluCtuating-hypérfine'field-at the nucleus. With decreésing
temperétufe the paramagnetic niﬁkel_spins develop parallel correlations. |
fn:fhe high téﬁperature limiﬁ (Zegman energyx<{ kT), the,hyperfiné fields
remain raﬁdom,}but ihcrease in magnitudé as‘thé temperature is lowered and
exchahge correlations become increasingly more effective.

In recent work in éubic Laves phase XA12 compounds (X = rare earth)

Silbernagel et al.hT

.have proposed a model based on this idea to accouht
for the temperature dependehce of the relaxafion rate of the alu@inum
nﬁclei in the paramagnetic regiqn using a Hamiltonian analogoﬁs to our

Eq; (III.Eb?. They calculate the second_moment of the‘NMR lineshape ﬁaking

account only of correlation between pairs of paramagnetic atoms. Since

- their work was carried out at T >>_Tc, this is expected to be a reasonable
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approiimétion, and indeed proves to predict the correct trend of the
relaxation rate. {Hoﬁever, our data on lOORhyi_had all been taken in the
range Tc <7 §_1.2Tc and we eXpecf that we need consider higher order
correlations than pairé. |

| - In order to.éfriVé at a tractable moael we make use of the Hamil-
tohian of Eq.'(III.2b)_to create a hyperfine field at the‘impﬁrity nucleus.
TQ evéluate Hex’ the.exchange field, we make use 6f the mpleculaf'field
apprpximation

J , _ , ‘
T =-£ ] O .
Hex = gB ;§<Sﬁ) ' S : (;Il.lha)

where J_ = isotropic exchange constant, and (§) T SVerage spin contribu-

J

tion at a host atom i due to all other host atoms §.
. If we now allow for an extérnally applied field, HO; we get a

Zeeman term,’

H = gfH_ - z g, g - (ITI.1kb)
o : i ,
v 3
We neglect the direct effect of the applied field on the nucleus.

If we further assume the Ho and Hex are colinear,'and along the
z-axis we obtain the total Hamiltonian, -

H = gB(H +H ) zl 8, = YII _th (III.ch)



. -38- ’ . 3

As a final assumption, we set:

. < | B =

H _ == E S, (1I1.15a)

-hf YI T iz : _ v
Ni atoms ' :

i.e,, indirect hyperfine interaction and thus

¥ = gggeff Zl Si, ~ AL, 2 8, (ITI.15b)

Ni atoms - Ni atoms

Using the equation of motion method we find that the Fourier

transform of the second moment of the NMR lineshape is

I 2
2 Trl-e - .<sziz) 'ii(o)]

(0d = A =S | (II1.16)
. 52 -BOJC 2 ) . o ‘
T{ e I°(0) S
r S X ,
[B,=1/kT]
If we assume nbw that A << J, e find
(uPr= & z (s, 8.0 + z (g, )? ©(III.17)
h 1<j ' iz gz - . iz

Ni atoms - Ni atoms

where
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-BdgsHeff ; Skz
r e A ' S
(8. s el

) = —
iz Jz . - .
' e‘B efHre 5% 5S¢z

iz jz

(III.18)I

rel

the trace being taken only over -electronic variableé. This leads fo thei

iwell known results

iz jz

(s, s,) {sﬁ (6 JEBH . )} 2

and

)
) - (III.19)

dB,_ (B 58BH.

(B gBH

ff

- 2 9
<sig {SB (B JEBH oo )} + S

where S = eiectronic,spin and Bs(y) is the Brillouin function. If we

now assume the high témperature limit, i.e., BogBH << 1, dBS(y)/dy

eff

is independent of y; Thus
B = )23 fen (8 emn s)}° | ( )
w? = (A/M)"3 { S \BBBH .. + constant - III.20)

Making use of the result from molecular fleld theory that the

induced magnetlzatlon o, for N atoms, is

o = NgBsB_(y) . (111.21)
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we find
2, a2 2 |
(w®) = 3(A/h)° (o/NgB)“ + constant - (111.22)

Following Kubo,-)48 we write the relaxation rate, in the exchange narrowed

limit,

H

. (2 ) 1/2 v
i o~ 1 - _T_¢.2 W _ . 2
—T—-~ : (w )[m] —m“D:) Tc..

1 2 2 V3 i ,
(II1.23a)
vhere T = the spin-spin correlation time.
This, in turn, gives
1 o1 W2 o
T ol =i (Alh) T, <_—Ng8) + constant |
- : | ~ (I1I.23b)

This simple model is able to describe the relaxation behavior of
the Rh nucieus in Ni above _the Curie temperature éurpriéingly well and

will be discussed further in Sec. VII.

&
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IV. APPARATUS

A. The PerturbedvAngﬁlar Correlation Spectrometer.

Iﬁ spite»of the‘misleading,implicatioo‘in the above title,'no
single configutatioo can be described as the spectrometer. Dﬁriﬁg the -
course of the-work qeecfibedvhere many modifications and improvemehte
were mode to the’apparetus eo_thet the specific descriptioo given in
" this section will be only'represehtative of basic configurations.

99

RuNi above Tc, all experiments described

99

here were carried out by time—differential PAC; for -~ RuEi_aboveITc, w, T

Except for the data on

L

was too small to permit this so that the less accurate time integral PAC

method was used.

- 1. Time-Differential Apparatus

There are two basic cohfigurations included under this heading.

99 111

One is that used in the earlier experiments on ““Ru and ~ ~Cd where

sodium iodide scintillators were used, and the other is that used for-

lOORh employing lithium-drifted germanium detectors. Both are basically

" of the "fast-slow" type as described in the basic references.8’9’lo

2. Spectrometer Using NaI(T1l) Scintillators

"X"

In Fig._IV.l is shovn a block diagraﬁ of tﬁe system. The
numbers in the blocks are the Electronics Engineering drawing.numbers
for LRL designed equipment;

The scintillators used were usually'l-l/?hxl4l/2" crystale mountedi

directly onto the photomultiplier tube. For the work carried out in the
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large electromagnet (lllCdgi ab§Ve Tc and all work on 99Rﬁ§i}, the
scintillators were mounted onto 12" long optical quality quartz light
'pipes which Were,‘in turn; cemented to the'photomultiplier tubes. These
light ﬁipesvdid not significantly degrade the system characteristics. .
~ The photomulﬁiplieré used'with the light-pipes were Amperex
56AVP,tubes. Thoée used without light-pipes were Amperex XP1020 tube.
In ail cases the tubes Qe:e-surrounded By concentric magnetic shields
‘of mu-metal and soft:iron. !
The rest of the block diagraﬁ is fairly straightforward. The
"slow" circuit'alléws energy selection to be carried out. The output |
coipcidence'pulses are uSed to open thejgate of the Packard multi-
channel_anaiyzer.
The "fast" éircuit~rétéins the timing infdrmation>0f the de-
tectof pulses and'feeds.the linear input of_the muiti;channel analyzer.
The time resolution for this system was typically 2.0 nsec for

511 keV annihilation rediation from ““Na.

3. Spectrometer Using Ge(Li) Detectors

v

In Fig. IV.2 is shown a block diagram of this arrangement. Here;
again the "x" numbers indicate the Electronics Engineering drawing numbers
of LRL-designed—and—built equipment.

The detectors used here were_designéd to provide good time resolu-

tion at low Y-ray energy. ‘Both ‘detectors were rectangles of 2.6x2.0.cm *

"and 0.5 cm thick. The bias applied to them was in the region of 300-L00
volts. The preamplifiers used a cooled field-effect transistor as an

input stagé.
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‘The "slow" cir@uit consisted of avlinear amplifier system designed.
‘by F. Goulding and D. Landis. This system contains a linear amplifier
| and shaper, a single channel analyzer; a linear gate, and a fast coineci-
dence.ﬁnit; In the;é_expefiments? only fhe first three units were used.
The single channel oUéputs were‘fed into delay and gate generators in
" order to stretch and émplify.thém. They were then fed into a slow co-
._incidenéevnetworkdwhich gave a fesolvihg time 2TO = .3 usec. Thé output
: of'this unif provided the puiées which opened the linear gate for the time
pulsés. |
The "fast" ¢ircuit consisted of 2 wideband amplifiers of gain
'x10 in series, followed‘by a tunnel-diode discriminator, which, in turn,
~fed thé time to amplitude éonvefter (TAC). After amplification, the TAC
'6utput wasyfed“inté'a aelay‘network consisting of 50 ohm cable in order
to resto;e the time relation between the "fast" and "slow" signals. This"
insured that the linear ("fast") signals were properly gated by the gate
("slow") §ignals. The linéar output was then fed into a multi—éhannel
analyzer. |
The time resolution of this system for the prompt 128-105 keV

7T

cascade in Hf was 10.0 nsec.

L, Time—Integral.Apparatus

As was mentioned in the beginning of Sec. IV, only for the case
of 29

Rulli above Tc was fhe.time4integral technique used. In Fig. IV.3
is shown a block diagram of the electronics. It is similar to that shown

in Fig. IV.i,_but it is much simpler since the requirements on'the time
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resolution were much.léss stringént (=10 halffliveé of the 20.7 nsec
state in 99Ru);

The "slow" output of both detectors was fed into a linear amplifier
and shaping ﬁetwork to give a déuble—deléy-line differentiated linear out-
put. The aﬁplifier outpuf was then split.: For bgth Yi and Y2 one paft of
tﬁekoutput ﬁés fed into a ldwer leVe1-discriminator set just bélow the
peak of interest. The discriminator output was fed into é fast coinci-~
dence unit set to a resolvihg time 2To = 260 nsec andbthence into a
variable delay to allow the.alignment-of the_two parts of the signal. The
fast signal wasbthen fed into one side of the slpw coincidence unit with
2TO = 2 usec. |

The other part of thevYl signal was fed into a single channel
analyzer to. select the transition energy. The single channel analyzer
output fed the ofher;arm.of the slow coincidence unit.v

The‘coincidence output ﬁas used to open the delayed gate of a
multi-channel analyzer. The lineaf input of the multi-channel anﬁlyzer
~was the other parf of the Y2 output. Thus, one obtgins an energy spectrum
which %s coincident with the Yl peak, within a resoléing tiﬁe of 200 nsec.
--All experiﬁents are normalized with the Yl counting rate-as'measufed by

the scaler.

5. Time Calibration

Ru and lllCd time calibrations were

99

In the early experiments on
carried out using calibrated lengths of RG 63 B/U cable to delay the

prompt coincidence peak of a 22Na§sou.rce‘. The centroids of the peaks were
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located and plotted vs. cable delay to give the calibration in time/

channel.

-
{

This method sufféred from several difficulties:
- 1) Tt £ook_approxihatély 2 hours t§ do a calibration since one
had to-count'coiﬁcidences'at each delay.
2) It was difficult to find the centroid of the peak accurately._
. 3) The lonéer cablés (or equivalently'longer delays) tended to
attenuate the puisé height bécause of resistive losses, lead-
"ing to inéreasing errors at long delays.
All these difficulties led to time calibrations of 1% accuracy.
To improve on fhiS~accufacy a quartz crystai oscillatof controlled
S S 'vdelay generétor was used in later experiments. This device, the Elaorado
Electronics Digital Delay Genefator, Model'610,* generates a "start" and
a "stop" pulse separated by a thumb-wheel selected deiay. It permits
time calibrations of an accuracy of 1 part in th and a reproducibility

of 0.1%.

B. Magnets

Three different arrangements were used to produce magnetic fields;

1) a large H-frame iron cére electromagnet, which was capable of
producing a maximum field of 20 kOe over a 2.5 inch gap with a diameter of
4 inches. *The magnet was fed by a curreﬁt;fegulafédvmotor—generator set.

. v The field sfability was il% for all runs in this magnet.

I : ) o : v
Eldorado Electronics, 601 Chaldnar Road, Concord, California.
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2) a smaller, C-frame iron core electromagnet which was capable
of producing a maximum field of 3 kOe over a 2 inch gap with a diameter
of 2 inches. The ﬁagnet was fed b& Pefkin Regulated D.C. Power Supply;
Model MTR 636-30. The stability of the field was 0.1% over a éypical run
of 2 days. All experiments on,lOORhyi;were carried out in this maénet.

3) a set of small, iron, perménegt magnets producing fields up to
5 k0e over a 1.5 cm gap with a 2 em diamgter. These magnetg, of coufsé, |
had very good long term stability, but the inhomogeneity of the field in
the gap led to an uncertainfy of *#10 Oe in the value of the field.

The fieids of the magnefsvwere measured by.either a Hall prbbe
(Bell Model 240) or a rotating coil gausémeter [George Associates Model
203A]. The readings of thesé instrument§ were then comparedvtovthosé pf .
an NMR probe in a h{gh homogeneity electfomagnet in ofder to obtain thev

accurate absolute values of the fields. Thus, errors in fields are due

principally to inhomogeneities and drift.

C. Temperature Control

1. ‘Below Room Temperaturej

Data were taken at three temperatures in this region: L.2°K
(boiling point of liquid helium), T7°K (boiling point of iiquid.niﬁrogen)‘
and l9h;5°K (dry ice-acetone bath). The lasf two measufements were
carried. out in a glass dewar with 5.2 cm O.D..thin—wali glass fip. .For
the_measufements at h,é°K, a second glass dewar with an 8 mm O.D. tip
was. inserted inéide the fifst, Liquid heliqm was transférred into the

inner dewar while liguid nitrogen was in the outer dewar.
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2. Above Room Temperature

a. Barly furnace. InvFig. IV.hk is shown a schematic diagram
of the simple arrangement used in the:measprements on 99Ru§1pand most
11 _ . ,

of the data on CdNi. The furnace consisted of an alumina tube with

heating tapé wrapped arouﬁd it, fgllowed by a éovering of aluminum foil
and then asbéétos tape‘for insulatién. The thermocouple was a calibrated
Pt vs._Pt—lO% Rh junétion, which was held in place by a piece of Pyrgx
glasé tubing. These connections were made by‘using a high temperature
adhesive.* This cement was also»uséd to mount the sample on the thermo-
couple. |

The thermocouple output was measufed by using a Leeds and Northrup

K-2 Potentiometef. The,furnace'temperature was cOntrqlled by adjusting

"the voltage applied to the heating tape with a variable transformer. It
| was féund that by using regulated AC line voltage as a power source, the

- temperature variation of the furnace was less than *2°C over the entire

H

range of temperatures reported for periods up to two days.

b. Gamma furnéce. ‘When this series of experiments was first |
coﬁceived it was clear that a better apparatus than that described above
should.be designed and buiit to carry out PAC experiments at elevated
temperaturés. The main criteria esfablished for this apparatus were:

1) it should have only low atomic—number materials (e.g.,Be, BeO)

. between the source and thé detectors

‘Sauereisen Adhesive Cement no. 1, Sauereisen Cement Co., Pittsburgh, Pa.
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2) it should be capasble of attaining 1500°C

3) its température stability.and accufacy should both be‘better

than 1°C over a period of 2 days

L) it should fit bétween the pole tips of the 20=k0e_electromagnét

described'préviouSlyﬁ The resulting apparatus is shbﬁn'in the
scﬁematic drawing of Fig. IV;S and the pbotographs (Figs; IV.6‘and.iV.7).

Figure IV.5 shows the hot zone of the furnace. The rest of the‘
system just consists of a stainiess steel pipe and an 8 liter/sec Varian |

Vac-Ion Pump which acts as a holding pump for the system.

| The radioactive samples, generally .002" thick disc-shaped Ni
foils, were spotwelded to the platinum éémple mount. This mount is a
tight press-fit on the platiAum thermocouple head. 1Thé mating surfaces
were polishéd to a high finish in order to maximize the contact area.
' The thermocouple; consisting of .010" 0.D. chromel and alumel wires, was
pressure fitted into the head. Around fhe sample holder is a close—.
fitting beryllium-oxide heat.shield around which the heater wire was
wound. Thé heater wire was .007 in. O,D. tungsten.

Surrounding the entire heater assembly was a second beryllium
oxidévheat'shield which was, in turn, surrounded by as many as 3 berylliﬁm -
heat shields. .All heat shields have a wall thickness of approximately
.010". They were produced by a combination of mechanical aﬁdvchemical
machining.

The vacuum wall sprrounding this consisté of a water-cooled
aluminum housing with .Olb"Athick beryliiﬁm windows welded into it by
means of an eleqtronebeam welder. The assembled furnace and two window

assemblies are shown in Fig. IV.6.

.- PR SNEE TS
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A typical experimental arrangeméht used in the measurements of
RhNi is shown in Fig. IV.7. Here thevtwo furnace windows are at.135°
to each other. The furnace is inside the pole tips of a smail electro-
m@gnet (described in Secf IV;D.2) and. the twollithium—drifted germanium_

detectors (described in Sec. IV.A.3) in counting geometry inside their -

‘ cryoétats; -

- The furnace was temperature controlled by a conventional_feedbagk
system consisting bf a Barbér—Colman sil;con contfol rectifier power unit
[Model 6213] driven by a BarberColman Differential Galvanometer [Modei
35k} ﬁhosé output.was stepleésiy proportional to the difference between
the set poiht established by a Barber-Célman zener—stabilizédFVoltage
Reference Source»[Model 350].and the fﬁrﬁace_working therﬁocouple.

The calibration of»thg tﬁérmocouple was determined by measuring

the melting points of National Bureau of Standards samples of iead, tin,

and aluminum in situ. The deviation between the measured value and the

" accepted value was less than 0.3°C for all three materials.

As a further chedk on the reliability and uniformity of the sample
temperature some of the measurements made on lllCdgi'with the older furnace

were repeated. The results were in excellent agreement.
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" V. CADMIUM-III IN NICKEL

A. Source Preparation

The parent nuclide was prepared via the reaction lllCd(p,h)lllIn
using'a lO'MeV proton beam at the)Berkeley 88" eyclotron. Naturai
cadmium f01l 0.005" thick was the target materlal and the 1ntegrated

‘flux was typlcally 25 uamp—hrs.

) The chemlcal procedure used'ln the separatlon of the lllIn‘from
the target material was essentlally that of E. Jacoblyg and 1s.ae follows:
vl} Diesolve_ﬁhe target in a minimum ameunt'of}l:l HNO3f
| 2.-<Make'the solution basic with conc. NHhOH.
3. Add v 200 Mg(NO3)2 '.6H20 dissolved in minimum volume HSO.
h.-‘ Heat in.water bath to digest the pre'cipitate._ The Mg(OH)é
cerries the In(OH)2 quantitatively. Centrifuge and dissolve
the ppt. in hot 2M HgsOh.
S.VvRepeat (2<4) and then dilute the solution With Vb oml H,0.
6. Add ammonium formate to buffer the soiutien at pH 2. |
7. Preﬁere a clean .0005" Ni’foil cathode and platinum wire anode.
. Plate the In_at.a current density of " 10 ma/cmz.
'These nicke% foils were melted in an argon atmosphere at 1500°C for 15
ﬁinutes and then quenched to room temperature by removing them from the

furnace quickly. The resulting spheroids, generally less than 0.5 mm in

diameter, were used as sources.
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B. Decay Scheme and Gamma Ray Spectrum

The level at 247 keV in 1%

Cd provides. an ex@ellent case for the
TDPAC technique. Thé:significant protion of‘thé decay scheme is given

in Fig. v.1. Morebthan 99% of the decays of the parent lllIn pass through
the 247 keV level via the 173-247 keV qascade? making the true coingidence
rate very large for a given source strength. The long half-life of the
intermediate state allows the observation of many rotations of the nuclear
spin, ﬁhus permitting very accurate determination of the ro£a§ion fre-
quency. This level has been studied by many'workersso:and the g-factor

is accurately known (g = 0.31810.007).5;’52

_ In Fig. V.2‘is shown a typical gamma ray energy spectrum of a
vlllCdEi‘source taken with our apparatus. The two photo peaks are seen

to be well resolved with a very high peak to backgroundvratio.

C. Results for T< T
-«

Some typical raw data for lllCdyi_below TC is shown in Fig. V.3.
No external field was applied for this series of measurements so that
Eq. (II.21) for a randomly oriented magnetic interaction was used. For

"~ the l]flCd cascade kmax = 2 so that the actual function used in the least-

squares-fittéd curve was,53

F(t) =.Aefkt.{l + C[1+2cos(wt+¢p) + 2cos2(Qt+¢)]}+ B

(v.1)
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The data points were statistically ﬁeightedband then the least squares
criterion was used to determine the bést values'of'A,B;C,A,w,_and ¢. The
uncertainty in w dqe to sfatistical variations Qas,generglly less than
0.5% fof thesevfuns. Each run-required»about two Aays to complete.

All the data for ;llCdyl for T < Tc.is displayed in Fig. v.h and.

summarized. in Table V.1l. The solid curve above the data points is the

54

reduced spontaneous magnetization curve for pure Ni” while the dashed

curve below the data points‘is that calculated on the model of Lovesey

37

and Marshall for magnetization of the nearest neighbors of a non-magnetic

i
5

cription makes use of the molecular field theory formalism, postulﬁting a

impurity, 01, for both impurity and host spins S' = 8 = This des-
reduction of the local magnetization of the host atoms which are nearest
neighbors to a non-magnetic,impuriﬁy.

The experimental results were expected to lie between the two

lllCd hyperfine field is created purely

curves in Fig. V.U because if the
by short range exchange interaction then the data should follow gl/oo

while long range interactions would make H(T)/H(O) approach /0.

D. Results for T > T

Above.Tc, it was no longer pbssiﬁle to work without a polarizing
field, andva field of 19.5 kOe was applied. The results in this region
~are much less accurate than those 5elow Tc since 1) there is an added
uncertainty in the magnitude'of the exterhal field, and 2) Heff is much
smaller, preventing the observation of more than a féw cycles of nuclear

predeséion. In Fig. V.5 some typical data are shown. For these measure-

ments, the two scintillation detectors were placed at a fixed'position,
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135° apart, and counts were taken for magnetic field up and down relative
to the detector plane.
The data above T are displayed in Fig. V.6. The ordinate is

B=H_./H_, =1+K, where K is the paramagnetic Knight shift discussed

eff _
"in Sec. III.C.3. The solid curve is calculated on the assumption that
the’solute_hyperfine;field is produced purely by conduction electron

polarization, i.e.,'directly proportional to the induced lattice magnetiza-

~ tienm,

.(v.e) _

The excellent agreement between this very simple theory ahd the

data supports the CEP mechanism discussed in Séc. III for the lllCd

- hyperfine field in nickel.
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Table v.i} Mg in Ni below T_(=628°K).
Temperature = o w(fadians, .6 w(T)
ox _ e sec w(k.2)
h.2 0.0067  Iob.u(2) [1.000](2)
194.5 ~0.310 © 101.3(2) - 0.970(3)
293.0 - 0.67 . 9T.60(20) - - 0.935(3)
408.0 _ 0.651 rv 88.60(é0) , | .6;8h3(3)
Lsk.o 0.72k 82.55(21) 7 0.191(3)
501.0 0.799 Th.35(10) | 0.712(7)
s12.0 0.816 ©TL.94(23) 0.689(3)
534.0 ~0.851 68.24(23) | 0.654(2)
s69.0 0.907 53.57(31) . 0.513(3)
582.0 »_ | o§928. | 49.77(20) - - 0.477(2)
607.0 ~ 0.968 - bk1.63(23) 0.399(2)
621.0 . 0.973 134.00(21) 0.326(25
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VI. RUTHENIUM-99 IN NICKEL

A. Source Preparation

The activity was produced by a (p,n) reaction on

99

99Ru. ‘Samples 6f
approximately 10 mg of ““Ru metal.powdef.enriched to 98.8% were igradiated
with 13 MeV protons(at>the Berkeley.88"_cyclotron. The irradiated powder
was ﬁhen placed inside a weighted nickel container and melted in an argon
atmosphere at 1500°C for 30 minutes and qﬁenched fo room temperature. The
alloys were made up to be 1 atomie percént Ru in Ni. This material, after

flattening to a thickness of Vv 1 mm and annealing at 300°C for 1 hour, was

used as the source for the experiments reported here.

B. Decay Scheme and Gamma Ray Spectrum

In Fig. VI.1 the pertinent part of the decay scheme of'99Ru is

55

given.”“The level at 90 keV was that used in all experiments reported here.

99 99

The ‘decay of the parent Rh populates several levels in Ru, some of

which in turn populate the level at 90 keV. In previous work on this

56 it was found that both the 354-90 keV and 529—90 keV cascades gave

level
equal counﬁing rates, but the 529-90 keV cascade gave a slightly larger

anisotropy. For this reason, the latter cascade was used in all experi-

ments discussed here. A gamma ray energy spectrum of the region of

interest, taken with a lithium—drifted germanium detector, is shown in
Fig. VI.2.
Since all work Waé done with NaI(Tl) scintillation detectors,

it isvclear that the energy windows taken included morevthan Jjust a

“single transition. However, these difficulties are small since these
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transitions are seen to be weak compared tc the 529 and 90 keV and often

56

not in cascade with the:90 keV level. Also, in this previous work,

the g-factor was accurately measured [g = -0.189(L4)] making it possible

to,get accurate valueé for the magnetic hyperfine fields.

C. Results for T <T, ' ~
In Fig. VI.3 are shown some typical data for this set of measure-
ments, -all of which were carried out in a small external polariZing field.

- The ordinate is the function,

W(3m/h,Hy,t) - W3T/h,H b))
W(3m/b,H ,t) + W3m/k,H,,t)

(vi.1)

" R(t) =

where W(3m/4,H,t) is given by Eq. (II.19) with kmax = 2. For this case,

R(t) is of the form
R(t) =.Acos(wf + ¢) + B S (VI.2)

It is clear, however, that the oscillations are damped out.

Therefore we decided to carry out ourvleastééquares fit with the function,

R(t) = Ae™ cos(uwt + ¢) + B (VI.3)

’

99

with A, X\, w, ¢, and B the adjustable parameters. All the data on ~~RuNi

for T < T was analyzed using Eq. (VI.3).
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At the time that these data were réportedel we were unsure as to
whether this damping was due to a magnetic. field distribution or to the

existence of at least two different magnetic sites for Ru atoms. Recent

o7

on both 0.3 atomic percenf Ru.in »

: . : 8 .
Ni and 1.3 atomic percent Ru in Ni and earlier work by Kubo et al.5 “in-

NMR measurements by Budnick and Murphy

dicate that as concehtration of Ru increases, the single, slightly
asymmetric Ru resonance broadens, becomes'more asymmetric and shifts to
lower frequency. Also, in thé_l.3 étomic percent Ru data there iéva
pronounced satellife peak below fhe main peak. This is shown in a plot of
Budﬁiék and Murphy's data in the inset in Fié. VI.k. Since this satellite"
does not appear in the 0.3 atomic percent data,‘this is strong evidence
that it is due to RueRu interactions. As a furthef check of the con-
sistenc& of our data with Budnick and Murphyfs; we haye fitted their

1.3 atdmic percent Ru data roughly With Lorentzian lineshapes to find,the
centidids and linéwidths of the peaks.  We then plot the Fourier transform
of thése lines, normalized to our data on RuNi at h.é°K. Since our alloy
was 1 atomic pércent Ru . the fesults should be comparable. The rough
Fourier transform plottéd over our data is shown in .Fig. VI.L. Iﬁ is to
be emphééized that this is not a fit and does not take account of the

fact that different appligd fields were uséd. It also does not take into

account the pronounced asymmetry in the NMR lineshape.

99

The final results for Ruyi_fbr T ? TC are given in Table VI,1

aﬁd plotted in Fig. VI.5. The Curie temperature of our 1 atomic percent : o
-Ru in Ni alloy wasidetérmined by extrapolating the measured induced mag-

netization vs. tempefature curve at,its_fégion of greatest slope. T was

59

found to’be16lO°K,'in very good agreément with the results of Sadron.
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The two broken curves in Fig. VI.S5 are those calculatéd from

. Eq. (111.12), for § = %-and J = g‘ It is clear thaﬁ-the gquality of the

fit to the data is‘equally good in these two cases. 1In fact, for all

2

%‘f_j 5_5- the fits were uniformly good, thus indicating that one cannot

uniquely determine the spin of the local moment from this type of analysis.

Tﬁe values of f and.C for the best fits'for all spins, j, are given in
‘ Téble.VI.2. It may be noted from Table VI.2 that the fit fér g = %-re—
quires ‘the smallest contribution fromvpolérized conduction electrons (19%).
This indicates.that the JﬁW modél woﬁld probably give a bésﬁ fit for this
case. . | |
- It may also be noted that the model deséribed by Eq. (III.11)
'requifésvthe separability of HC(O) and HL(Q). Since the local moﬁent
iprobébly carries the conductioﬁ electrons through s;d exchangé, fhis
aésuﬁptioh is somewhat dubioué. An indicétién of this lack of rigor is
.that-Hc(O) and HL(O) are predicted to be antiparallel, a result contrary
to all‘previous experience.
inivieﬁ of this:-quantitative failure.of the model, the following
calculation of the magniﬁude df the local moment is given as a gqualitative
| estimate, using the results for j = %-(Table VI.2). From Eq. (III.11),
v HL(O) = thf(O) = (1.19&)(2;7)RG, and making the same arguments as for
Eq. (III.4) assuming g = 2.0,(uz) = iéi;%%%g212-= 0.7 Bohr magneton.
| Using the argumenté in Séc..III on hyperfine field systematics,
Shirley, Rosenblum, and Matthiasél calculate avlocal moment for Ru in Ni

of 0.4 Bohr magnetons. This lack of quantitative agreement is not sur-

-prising in view of theFCrude assumptions inherént in both methods;
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In summary, two comments may be made about

i. Both ﬁethods of analysis, hyperfine field vs. atomic number .
and H(T)/H(0), agree that a local moment is present.

2. The magnitude of the local moment is not well established as

these methods do not'agree very well. Howevef, for Ru in Ni

it seems likely that S < 1.

D. Results for T > T
. A4

In faising the alloy temperature above Tc’ it no longer was possible
to use TDPAC since the pfecession‘frequency becomes too small to observe in
this manner, even iﬁ an external field of 19.5 kOe. Thus it was necesséry
to use the léss accurate time integral perturbed angular correlation tech~
ﬁiqué. vThe integral résults were then normalized to several time—differ—
ential results at high temperatures. The data consisted of counts for
field up and.field dowﬁ at a fixéd detectdf angle of 1550. The results
aré diépla&ed in Fig. VI.6.' The hqrizonﬁal line for B = 1 would be the
expected bghavior if the Ru ﬁoment were completely localized above Tc'

The lower curve corresponds tovthe reduced magnetization of pure hickel.
Tt is reasonable that the hyperfine field lie between these limits.

Twé points should ﬁe made regarding these data. First and fore-.
mosf, since theyvmeasure the time integrated spectrum,'we can say nothing |
abput the time dependence (ér equivalently, the frequency spectrum) of
the source. Thus, if any relaxation efféctsvwere to occur, such as will
be seen to occur for lQORhﬂi in Sec. vil, these would require modifica-

tion of our data analysis.

@
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Secondly, since it appears that the hyperfine field for 100Rh in

'Ni tends to follow the_lattiée magnetization above Tc’ and since lOORh in

Ni is expected also to form a local moment, this casts some doubt on the

idea that this hyperfihe field dependence is accurate.
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Table VI.1. ““Ru in Ni below T_ (=610% for 1 atomic % alloy).
Temperature /T, o  “th(T) B (T)
°K o " kOe ' "ﬁ;;TETET_
k.2 o,od656 _ 217;20(113) (1.000](T)
77.0 O.lé6. 212.50(147) o.978(8)_
194.5 0.319 éo6;58<h5) vo.951(6)}
298.0 0.489 - 175.60(148) 0.808(8)
396.0 0.649 i 141.70(338) 0.652(16)
Whk.o 0.728 126.39(319) 0.582(15)
506.0 0.829 . 98.89(271) , 0.455(13)
568. 0.931 60.00(166) 0.276(8)
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Table VI.2. “°Ru in Ni.
' T
H(T) _ o_ g_., _¢ - o
oy = (1) o +f BJ(COO = ) T, = 610°K
Values of parasmeters for best fits
J f z
1/2 ~ 1.19% - 0.621
1 ‘ 1.490 1.049
3/2. 1.965 1.416
2 . 2.209 1.662
_1.757

5/2 1.958
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VII.  RHODIUM-100 IN NICKEL

A. Source Preparation

_ The pafent 10054 was produced by a (p,in) reaction on natural

- rhodium metal powder which ﬁaé‘carefuliybpurified and spectroscopically
énalyged. It was found to have less than .01% Pd, Fe, and Co. The only
significant impurity was ~.1% Cu. The samples were irradiated with 45 MeV
protbns at the Berkeley 88" cyclotron at a total integrated flux of 20 uamp-
hrs. The radioactive looPd was separated from thevtarget using a pro-
cedure similai to that‘desgribéd by Evans et al.60'and is basically as
folloWs;.

1. Place 200 mg. target material in a.crucibie and. fuse at duii
red heat with 20 ml. KHSO), powder for 30 minutes.

2. Dissolve the fﬁsibn in 100 ml. of boiling water.

3; Cool_the_solutién and add 0.5 ml. of a satﬁrated solution of-
dimethyl glyoximé in ethanol. This forms a complex with the
palladium. This»cbmplex is theﬁ solvent-extracted into
chloroform.

RS Wash:thg chloroform twice with 1N H,80) end then back-éxtract
the Pd with 14 M NH)OH. Evaporate this solution almost to
drygess. |

5. rTake up the remainder in a minimum volume of 0.65 M (NHM)2SOh -
solution and adjuéﬁlto pH 11 with NH),OH.

The carrier free lOOPd was plated from this solution onto either a’

0.5 mil Ni foil or an Ni single crystal, both of 5-9's purity; The séurceS'

were then sealed inside cleahed quartz tubes with 10-3 torr of H2 gas
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insidé. The foils Qere-then melted for 30 minutes'atvlh75°C, reﬁ@ved
from tﬁe furnace, rolled out to N.OOl"jin thickness and annealed for
i2 hours‘at 1200°C inside a similarly sealed quartz tuﬁe.
The plated single crystal samples were similarly sealed inside
quartz tubes and the aétivity diffused in at 1200°C for 12 hours.>
These soﬁrces were then mounted in the furnace described in

Sec. IV.E.3.

B. Decay Schem¢ and Gamma Ray Spectrum

In'Fig. VII.l.the.pertinent part of the decay scheme of the 4.0
day lOOPd parent is shown. 96% of the deéays=populate the 158.8 keV level
' &hich‘decays 70% through the 8h;d—7h.8 keV cascade. . The aﬁisoﬁropy of
this cascade has been shown to be large ( =+(29.711.8%))and the g-factér
has been.accﬁrately measured (g=2.151(h)).6l

»Since the energies of these two transitions are so close, it was
necessary to employ lithium-drifted germanium detectors to resolve the

energies. A gamma-ray energy spectrum of the region of interest taken

with one of these detectors is shown in Fig. VII.Z2.

C. Temperdture Dependence of the Magnetic Hyperfine Field

Figures ViI,3 and VII.4 present some data taken in a transverse
magnetic field and at an angle of 180° between the detectors.. The data

was least-squares fitted to a function of the form
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‘ L -t/T | . —3t/T =4t (1/7,-1/T.)
WJ_(Tr,Ho,t) = N {1 + B Sl [l - 3e 2 1

¢oé(2th +f¢)] }+ C . (vir.1)

with A, T B, T T2, wL, ¢, and C the. adjustable parameters This form

N’ 1

—-of the equatlon is obtained from the theory of Gabriel descrlbed in Sec.

II.C, replacing the spectral density functions by the better known Tl and

Kl

T

59 the‘lohgitudinal and transverse relaxation times. For our data we

always set Tl ='T2.

It is clear from the data that in a constant applied fleld the
relaxation rate is slow at high temperatures and increases as the tempera—
ture decreases. .Thls behavior will be dlscussed in the next part of this
section. |

A1l the data taken on the hyperfine field of lOQRhEi_ere presented
in Fig. VII.5. Here we have again plotted B vs. temperature.‘ The solid
curve was. calculated assuming only CEP contributions te H

ef
(0) = 213 kOe.62 The agreement of this

£ i.e., with

H . (0) = 0 in Eq. (IV.13) using H

L hf

curve with the data is,stronggevidence that there is no local moment for
Rh in Ni above Tc. This, of course, in no way determines Wheﬁher‘a local
moment does or does not exist below Tc.'
" At present a series of experiments is being carried out in this
: 63 100, . .
laboratory by Quitmann and Pollak on RhNi below Tc. They are using

the technique of nuclear magnetic resonance destruction of angular corre-

: L : : _
;atlons6 ‘and are attempting to determine the temperature dependence of
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the hyperfine field. Preliminary indications are that a local moment,

99

if present, is not as large-as that found for Ru.

D. -Nuclear.Mggnetic Relaxation

The attenuatioﬁvof thé TDPAC pattern could result from either a
static or a time-dependent interaction. .The sﬁatic'interaction could
ariée frdm either an anisotropic magnetié intg;action, a quadfupole inter-
,action, a broad magnetic field distribﬁtion'or different magnetic sites
(as is probably the case for our RuNi data).

In order to-eliminate the first two possibilities, we performed

looRh in single crystals of nickel. These experiments

méasurements on
were Earried put by moﬁnting the single crystal ih the Gamma furnace,
allowing it to stabilize at a constant temperature and'épplied field and
rotating the entire furnace so that.the (100) and (lil) crystal axes were
alternétely parallel'to”the applied field. The detectors were in a plane
perpendicular to thevfiela difectioh at an included angle of 180°. The
values of Wy from fhese’measuréments, obﬁained by 1eastfsquare§ analysis
using-ﬁq. (VII.l)? are given in Table VII.i. There is clearly no difference
between thgse results and thqse from polyCrysfalline samples.

Since our samples were very dilute in Rh and P& (less than 10 ppm
by spectroscopic analysis), it is uﬁlikely that two different magnetic
sites could appear since these would ha&e to arisevfrom Rh-Rh interactions.’
| To further establish that our results were due to a time dependent

interaction, we performed several decoupling experiments. As is well

kn-own,8 if one.applies_a large magnetic field parallel to one of the
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propagation directions, all static interactions on the nucleus can be

decoupled. In the absence of time dependent interactions the unperturbed

o

angular correlatibn is restored. A set of raw data from one of these
experiments; in whiéh'oﬁe deteétof is placed along the field direction >
and the other is moved between the 180° and 90° positions, is shown in
Fig. VII.6. These dafa clearly show that the anisotropy still disappears,
iﬁ&icating that the interaction is time‘dependent.

Using.Gabriel’s forma_lism,18 we find tﬁat the angular distribu-

tions for these geometries are,

-t/T

—3't/Tl
W“(“’Ho’t)_= Ae

8 ) ~ (VII.2a)

(1 + Be

—t/TN

, -3t/Tl
W”(TT/2,HO,1:) = Ae .

(1 - %-e ) S (VII.éb)

From least-squares analysis of these data we are able to extract
Tl’ while from the experiments described by Eq. (VII.1) we get a combina—

tion of Tl and Tg. From measurements under the same conditions of tem-

'perature and applied magnetic field, we. can extract T1 a.nd“T2 separately;

Theée'results are displayed in Table VII.2, where T. is seen to be equal

1
to T2IWithin,two standard deviations.

: The magnetic.field dependence of this relaxation rate is demon-
strated by the data presented in Fig. VII.7. According to the exchange-

narrowing model developed in Sec. III.C.3 we expect to see a linear re-

lationship between fhe relaxation rate and the square of the induced
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magnetization. This expectation is borpe out by FigT VIi.B, where all
‘the relaxation rate data isrpresénted.

As a further check of the*consistencf‘Of our model with the data,
we need to make an order df magnitude.calculation of'the reiaxation'rate

using Eq. (III.23b). Following Silbernagel et al.,h7

we calculate Tc by
assuming that it arises from indirect coupling of the d-spins. Using the

"golden rule" and the free-electron gas density-of-states,

hE | <

T = —f=~ ("'(XlO-lh ev-sec) fLégzl"_'= led_lz sec A(VII.3)
c 2 v 2
- Jgg (.2 ev)

Jéd is the exchange integral.betweeﬁ s and 4 electrons and is taken

from a paper bxkgalamon.65
VIf we now insert this value into Eq. (III.23b), taking

z =12, A/h = 2x107 rad/sec, and 0/NgB ~ 1/60,Sh

5 -1

1 N 2X107 gece

L 030 x [2x1071% x [5x10

-12
T ]

ox107212
Thisvuﬁderestimate of the rate by an order of magnitude is dis-
turbing, but might be expected in view‘of the érudity of our aséumptiqns.
'~ However, the good agreement in functiohal dependence indicates that the
model does take account of the principal features of thé relaxation rate.
It should also be pointed.out thét_this relaxation rate is much
faste?‘than would be predicted byvthe Korringa rélation, which does not
take_the exchange‘interaction ihto acéount,'aﬁd which also,predicts the':

wrong temperature dependence.



Table VII.1.

100

90-

Rh in Ni single crystal.

Temperatﬁre (°c) Magnetic field Crystal axis wL(lO6'§§%)
(gauss) ' '
365 200 111 8.3(6)
8.1(8) {{w = 8.9(6)
11.%(9)
100 8.1(8)
. u&?= 8.8(6)
9.4(8)
362 © 200 111 18.0(19)
1100 118.2(9).
Table VII.2. looﬁhﬂi;rélaxation rates.
Temperature Magnetic Tl ' i
o¢ fieldv(gauss) (nanoseconds) (nanoseconds)
360 164 - 930(160) 580 (65)
365 16k 1 1670(600) 1000(140)
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VIII. SUMMARY

We have described here ihé mechahisms respbnsible for.magnetic
hyperfine fields in ferromagnets and a molecular‘field model which pre-
dicts the temperature dependence of the hyperfine field for all.three
systems studied. |

For the case éf lllCdEi, Wé weré.able to make measurements of
L_the hyperfine fiélalaccﬁfate to 0.1%; indicating that in fa&orable cases,
.time differential?perturbed angular corrélation ﬁea;urements are com-
petitive with NMR'in*accuracy. For thié system, we expected no lﬁcal
‘momént, and none waé seen. The‘hyperfiné field was found to be pro-
portional to the lattice”magnétizétion both above and below the Curie
point.:

99Ru§i, both hyperfine field systematics‘and

For the caée of
neﬁfroﬁ diffraction results led us to expect a local moment. The tém~
pefaturé deﬁendence of fhe hypeffiné field deviated markedly from that
of the lattice magnetization both above and below Tc. Thefmoleculaf
}field model used to describé the data below Tc required a local moment
of approximately 1 Bohr magneton on thé Ru atom. For T > Tc; further
work needs to be done.tp better establish the nature of the lécal moment
indicated by the time intégral‘perturbed éngulaf correlation méasurements..

For lOORhyiJ we égain expected to find a local moment both from

'hypeffine field systematics and neutron diffraction results. Above the
Curie'point, the hyperfine field ﬁés proportional>to the lattice magnhetiza-

tion, indicating that there is no local moment. This does not preclude the

possibility that there is a local moment below Tc. No measurements were



- -100-

carried out in thié region bécauée of insufficient instrumental time
resolution. Howeverg this work is nowjﬁéing qérried out using the
technique of NMR detected by perturbed angular correlations andﬂhill

" determine if there is a local moment beloy*Tc. For fhis system above
T, we aiso observed a time dependeﬁt'interaction, whose temperaturé
7ahd magnetic field'dependence is very well described by a molecuiar
fieid model based on thé exchange‘ﬁarrowing\of a broadened Zeeﬁan
ﬁransition. This model predicts fhat_the relaxation réte is pro-
portional to the square.of tﬁe latticé magnetization. .This expegtation

.

is borne out by the experimental results.
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FIGURE CAPTIONS
A two photon cascade described by the angular cérrelafion
férmalism.
Variation of H . with atomic number for 44 and 54 solutes
in iron showing. the abrupt incrgase,abové CEP estimates.
Dgri&ed localiéed noments for solutes in irbn.
t) This work
® Ref. L0

@ Ref. 41

" Block diagram of time-differential perturbed angular corre-

lation spectrometer using NaI(Tl) detectors.

,Blockfdiagram of time—differéntial perturbed angular'corfe— N

lation spectrometer using Ge(Li) detectors.

‘Block diagram of a time integral perturbed angular corre-

lation spectrometér using NaI(T1) detectors.

Early furnace and angular correlation apparatus.

- Vertical sectional view of Gamma furnace.

Gamma furnace with 135° window assembly in place and.

180°-90° window assembly on table.

‘Typical expefimehtal arrangement‘showing the Gamma furnace

inside thé'small:electromagnet (Sec. IV.B.2) with two Ge(Li)

détectors in counting position'at a'relative'angle of 135°. .
111 . 111 v

Partial decay éCheme; In » Cd.

Gamma ray spectrum of lllCd.
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Fig. V.3  Time Qifferential angular correlation for 11CaNi below the

Curie point.v.The time spectra were recorded at a detector
angle of 180° and no external field was used. The modulation
patfern is chéracteiistic of a randomly oriented maghetic
interaction. The solid curve repreééhts the weighted least-
.squares fit to the data of Eq. (V.1).

~ Fig. V.h Reduced hyperfine field vs. reduced temperature for'l;lCdgi

below the Curie point. (Tc=627.2°K, the value for pure Ni.) -
. : . . -

— % for pure Ni, Weiss and Forrer (Ref. 5k4);-———- =L

GO . . 00

Lovesey and Marshall (Ref. 37),.showing_demagnetization of

first nearest neighbofs by & nonmagnetic impurity.
. Fig. V.5 Time differential perturbedbangular correlation spectra for
“oaNi with T > T . The function,

)]

(3 | 3 —L
) - W.L()-l ) t’-HeX’C)]/['WJ.()-& ’t,+HeXt) + wl()-& ,t’—HeXtv

o 5‘7‘§1ﬁ

is least-squares fitted to Eq. (II.19) with k= 2.

Fig. V.6 Temperature dependence of B = H___/H for lllCdEi, measured

eff’ Text?

with a polarizing field of 19.5 kOe. The curve was cal-
culated using Eq. (V.2) with H, »(0)=68.52 kOe.
' 995y » 99

Fig. vI.1 ‘Partial decay scheme for Rh »+ ““Ru.

Fig. vI.,2 Relevént portion of the gamma ray spectrum of 993u taken
with a Ge(Li) detector.

Fig. VI.3 Iime—differentiél bertufbed angular correlation spectra for

99Ruyi_with 8 polarizing field of 5.00 kOe. The indicated

hyperfine fields have been calculated using g=0.189(L), Ref.56.
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VI.h

VI.5

VI.6

VII.1

VII.2

VII.3

VII.k

~are given in Table VI.2.

Relevant pdrtion of the gamma spectrum of

~il10-

The data of Fig. VI.3,at.h.2éK fitfed‘with.é curve calculated
from the spectrum of Budnick and Murphy (Ref. 5T) shown.in the
inset. In the inset, the bar graphs‘show fhe positions aﬁd
relafive intens;ties_éhosgn for the lines and thé dashed line 7

shows the resulting calculated fit which we Fourier trans-

'formed.

Reduced hyperfine vs. reduced temperature for 99Ruﬂi;below
the Curie temperature (Tc=6;0°K for the 1 at.% alloys used).
apd.th(Q)=th(h.2)=217.2 kOe. The broken curves are theoretf |

ical fits based on Eq. (II.12). The values of the parameters

tevendence op Aot /M 99, . .
Temperature»dependenceuof.B-Héff/Hext, for Ruﬁ;_;n an ex

ternal field of 19.5 kOe. [ measured by time-differential
perturbed angular correlation;. C’_meaéured by'time#integfal

perturbed angular éorrelafion.

Partial decay scheme, lOOPd‘+ looRh.

lOOthtaken with

“a Ge(Li) detector.

Data taken in‘an applied transverse field, H=161L gauss with

" detectors.at 180° angle. The decay due to the nuclear level '

lifetime, Ty, in Eq. (VII.1) has been removed.

N

Data taken in an applied transverse magnetic field H=810

‘gauss with detectors at a l80°.angle. The decay due to the'v - .

nuclesar levei lifetime, TN’ in Eq. (VII.l),has been removed;



Fig. VII.S

Fig. VII.6

Fig. VII.T

Fig. VII.8

~ Nuclear relaxation rate for

-111-~

. Al e 100, <. L
Temperatu#e depenéeéce of ?—Heff/_Hext for V-Rhyl, The SOlld.
curve is caléulatéd assuming th,is proportiOnal to the lattice

magnetization.

- Raw data from a tjpical decoupling experiment described by

Eq. (VIi.2). .The inset shows;the experimentél geometry.‘
Data fakén at a constant temperature, T=365°C, and varying
transve?se magnetic fields ét a_detector angle, Q=135°.
The\function R, described undef fig. VfS, is plotted.

100

RhNi for T > TC as a function

of the square of the lattice magnetization.
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