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a& be heat, static magnetic-or electric fields,.alternating electro-
magnetic fields, or a combination of several of them.‘ This seems to be
simple but, in most cases,lit becomes very complex Take for‘instance
a nuclear maénetlc resonance experiment. _Here, the stimulation is a
staticvmagnetic fieldiélus'an'electromagnetic field (which may be cw or i
pulsed).-lThe response is the resonant‘absorption of rf pouer, and the
modification ofvthe nuclear magnetizatiOn. We may look at a'steady—
state and a transient responsev(stinelattice relaxation, spin-spin
relaxation). Both may be measured as functions of temperature and
static magnetic field. |

A very fruitful approach in the study of metals has been to add an
1mpur1ty and study the physical properties of the host metal and the
1mpur1ty, Both are modified in the alloy w1th respect to the original
constituents. In some cases, the observed effects are a consequence of
the change in electron concentration of the electronic bands. For
instance, the measurementkof the saturation magnetization of alloys of
the ferromagnetic metals with other transition metals shows that the
impurity, as a first anproximation, simply contributes uith‘extra
electrons or holes (according to its valence).' This contribution adds
or subtracts from the host magnetization. The variation is linear, as
can be.seen in the Slater;Pauling diagramrg,‘This is confirmed hy the
measurement of the electronic specific_heat.3 : | ’

In some cases, an impurity»may develop 8 magnetic moment, even if
the host is non—magnetic.' This sUrprising_phenomenon has been observed
in maghetic suscettibility'measurementsh’5 (where a temperature-

: ' . . 6
dependent term appears), neutron scattering experiments, or measurements
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of the hyperfine field at the nﬁclear site.7 The most widely-used
methods to measure the latter are nuclear magnetic reéona-née,8 Mossbauer

10

effect,g measurement of the nucléar specific heaf;» and pertufbed

angular correlation..ll Here we have mentioned oﬁiy representative

» samples of a literature that covers a very wide field of research. The

local moments are produced by an interaction of the impurity d-levels

12-1k

with the host conduction electrons. Several transport effects

occur as a consequence of this interactiéﬁ; ‘For instance, Kondo™”
calculated the-scaﬁtering”cross section of cbhduction_éléctrons upvto'
sécond ordér and was able to explain the weil—knowﬁ miniﬁum of resistivity
as a function ofvfemperature for'certain alloys. It has been‘predictedl6
thatrsémetimes a quasi-bound state is.formed between the localized
moment and the conduction eléctfoné.

. In ferromagnetic‘hOst if is interestingvto know the maghetization
distribution around the impurity.. Thevmost.direct way is by neutron

17,18 however, in cases of very dilute alloys

scattering experiments;
neutron diffraction may not yield observable rééults and one has to get

more indirect evidence by the other methods,fe;g. by measuring the

hyperfine field. However, the disadvantage of these methods is that‘b

- their interpretation is somewhat émbiguous due to the several contri-

butions with either sign which somefimes almost cancél. Our experiment
servés this purpose: it gives_information about the impurity state.
Its adVaﬁtage.iSvthét interpretation ié véry simple, as we shall see .
later, \

- The nuclear spin-lattice relaxation experiment consists of a)

applying an rf field at the nuclear Larmor frequency in order to change



:thehéQﬁiiibriﬁm distrihutioniofithe Zeeman:letels, or'lntothér,words,_
to increaseithe nuclear spin temperature b)vturning.off the'rf field
‘and monltorlng‘the recovery ‘of the longitudlnal nuclear magnetlzatlon B
(vy the spln echo techniquelg);? Thls shows the thermal contact between
:the nuclear splns and the lattlce. Usually the recovery is an exponen—.

tial function of-timeé and one can define a relaxatlon tlme Tl so that:

M v=vM0,[l—eXP(—t/Tl)].
where M, is the z—nuclear magnetlzatlon and- 'Moi .J_'.iti_s“e(iuilibrium value.
There'arelseueral'mechanisms.forfthe nuclear'relaiationg allrof‘t
them involve electronsvln some way or another.. In metals; the‘most
;mportantmechanlsms are due to dlrect electron scatterlng, so that the
.relaxatlon t1me Tl varles 1nversely with temperature. We shall see in
the second chapter that in the case of tran51tlon metals, the domlnant
»process is a nuclear spin—electron orbital moment 1nteract10n to &
electrons. We shall see also that Qu# measurement.glves the density of
states of d electronsnin the.viclnity of‘the_nucleus, and that this
_resultican.provide indirect information on,the magnetic moment distribu-
tion around the impurity. Such & study was made by Bancroft20 in the
c‘3&‘56‘01‘ Eifcu‘alloys. He found that there 1s no locallzed magnetlc
moment on the Cu impurlty | | |

The second chapter is devoted to a theoret1cal study of ‘the

- relaxatlon process 1n metals, w1th speclal empha51s on’ tran51tlon metals,

i.e. metals ‘with a nonevanlshlng”d den51ty of states at'the Fermi surface.
The third chapter describes the experiment in detall the apparatus,

the sample preparatlon ~.and the results.’

&



The fOurthbchapter gives éh»interprefation of the experimental

résults;. Thg value of.thé'Pd magnetic moment ié c#lculated. A dis-
~cussion follows in order to relate thié éohclusion_to other experiméntal
facts and also to describe the impurit& state of Pd in Ni.‘

Finally, we would like ﬁo explaiﬁ wh& we chose Pd as an impurity to
add to Ni metal. It ié known that tﬁe Pd‘metal.electronic structure is
very similar to that of Ni metal and that Pd is eésily polarizable;'due
to exchange effects. Therefdre we would éxpect‘a'behavior qualitativeiy
differént to.that of the Cu impurity in Ni. Besides, Pd is under Ni in
the periodic table, so thatvthe.§alence,is th¢ same. Therefore, we would
not expect screening effeéts%.a fact that simpiifies the'theoretical |

interpretation.



",'iI? NUCLEAR SPIN - LATTICE RELAXATION
..Korringa2l made the flrst calculatlon of the nuclear Spln—lattlce

relaxatlon rate 1n metais through 1nteractlons between the nuclear spins
and the conductlon electrons.' Comparlsons between these theoretlcal ’

-calculatlons and the experlmental results are qulte good for 51mple metals,
'xwhere conductlon electrons helong to s and p states and all other states.
-of d of fvsymmetry_axecelther'completely_fllled or completely empty. The
_sgreemeht is?good;:pfoVidedcthst electfon:eiectronvintersctions effectst
_a?e oohsidefed;22‘ The.agreement is poor for tran31tlon metals. It was
'found-hi"dhata23 that in these cases the partly filled d—bands contribute
'to the relaxatlon w1th 8 new mechanlsm.. Hls calculatlon shows that this

new mechanlsmhis mnch_mbre important than,the.norﬁsl interaction-ﬁith.
conaoction electroﬁs}”ihater' Mo;iyazhhtook into‘accoont'all the possible
mechanlsms 1n the partlcular case of the ferromagnetlc ﬁetals n1cke1
‘iron and cobalt to get a relaxatlon rate that would agree fairly well
'with_experimental date, . | |

:Thisvchapter‘ptesents a dethiledvtreatmeht of the nuclear spiﬁ—

latticehrelaxation fate,,based on thevehote mentioned pepefs by Kofringa,
Obataoehd“Motiya.s_Completesoerifatiohgof the;formu;ss are given. They
are:notAosually_found'ih theiliteratuhe; _We»beliete a thesisvis'thehap— S *
A:Proptiate‘plececto heportitheﬁ; Tt isfhlwa&s necessary,,because some-
times numerical'effofs,appea? and someone-mustfcheck them. For instance,
'an7éfror of a.factof of fourvVas.foundvbyuwelsted, Jaccarino and Kaplan25

in Moriya's paper.
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A. General.Formulas

The interaction_responsible.for the nugleérlreléxation in.mefals is
producéd by the fluctuatihg‘magnétic field felt'bj the nuclei and.caused
by the eiécfron spinsvand ﬁhe.orbital mbtiqﬁ~of_the'electr0ns. For the
electron spins we havé'two~qases to coﬁéider: the'contact.interaction,
for electrons with no angﬁlar momeﬁtumv(s—electrons),and the dipolar
interaction, for~electrons with npn—éero angulaf momentum. Of course,
orbital intéracfion exists qnly for.electroné with non-zero angulér mo-

mentum. The expressions for the #arious intéfactiohs are the following:

Contact interaction: bﬂc = 8“ Y Y, ﬁ G(r) I-s. ' (1)
Orbital interaction: = H°FP= Yeynhgr-3 L _ (2)
Dipqlarvinteraétion: . ﬂdlp" Yo Y h° r 5[3(1‘ §)( r) £;§] : (3)

where Ye and Yn are the electronic and nuclear gyromagnetic ratios, I is
the nuclear spin, S is the electron spin, L is the electronic angular
momentum and r is the radius vector between the nucleus and the electron.

It is convenient to re-write the above expressions in terms of the

raising and lowering operstors, I, = Ixiin, etc. We get:
c_8n 1. |
=3y b %6(x) (2 I,S_.+5I8 +15)

3

3°¥P_ . 2.-31 1
YeYnh (2 I+L— * 2 1L, +_Isz)

7A1ip_ Yy, hep 3{I {3x_ s g 22X s + X S - %—S;].

e or? -
3x4x. 3x§ 3zx4 1
= 42 + " 4r2 Bt ore % " E-S+]
3zx._ 3zx4 32°
+ — —
=% 8 +— s+, 5 -51}

2r 2r r



So that in geheral_We'cén‘wiite the'interaction hamiltonian as

v ’foliows;",' 3

* =710 ‘ ;f=7..’v‘  - o '

R A ST A W
- where

Tg¢ o 8m
"3 Teln TR 2% SRR \

L=,
1

8

© :
Q -
i

Ty Y R 6(r) s, S (50)
"'?;’rb=yyn2 3§L-- R (Y

i XX X, o 3zxy L ”
13 LS gy w32 e ) (7a)

LAl At as

%P 2,33 a)s w3 g a3 2 } |

Tﬁe relaxafion prééégs is.trgétedﬂas a'tiﬁé;depgndent firét order
perturbaﬁion by the aﬁ§vé iﬁteractiqhs. We start.with an initial state
lﬁgg Slﬁhére m lgbeié the nuéiear'Zeeman state,_§;is the electron wave
vectOr.aﬁd-g its spin. ;Thé‘finalrstate,'aftér-écatteriﬁg of the:electron
' by the nuéleus, is lm'kjo;>3.'.wg can see by inépection‘thét Whénever the
nuclear spin flips, the ele@tfénic spi@ibf_éhe_anguiar-mbmeﬁtﬁm fiip$ in
thevoﬁpbgife_directioﬁ,_so:thatvtﬁe'téfal angular‘mbmentum is éonéerved,
as it must. ‘The matrlx elements.are ' .

'_(mg_oliqm-"_l_;_'o') (m|1_ lm')<kc|<1> |k'ary + <m|I ]m') (kolcb ]k'o>

yyu2-Ls o (sa)

=

&

-
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’We héve neglected fhevtérm in IZQ; since’(mllzlm’> =0 f§rbm # ﬁ'
and we are interested only in transitions where there is a changeiin
Zeeman énerg_y . |

Now thg-transition p#obability Wﬁm' between'two‘ﬁuclearistates is

given by the Golden Rule: -

e =5 2 | Kk0") PO 2By 85 )22 5y )
Ly o ol g el
G o '

(8)

where Ekclis ﬁhe electron gnergy.énd f(E) is the Fermi.diétribution
fgnction,'
£(5) = {1 + expl (B-E,)/5,71) "2
In order to define ah& calculate thevspin-latticé relaxation time
Tl we must assume'thaf the spins are in thermal equiiibriﬁm'ambngithem_
selves, due to spin-spin iﬁteractions; This equilibrium is deséribed

by a spin temperature T,, so that there is a Boltzmann distribution of

S

the population of spins at the different nuclear Zeeman levels. If

(8)

Pm is the probability of occupancy of a state at energy Eﬁ, then:
(s) _ 1 - - '
P Lentmg) O
where B, = (kBTS)—l and Z is the partition function
() 'Z - e
z'7 = exp(-EmBS)f | o (10)
-m

v The spin temperature T, is equal to the-léttice temperature T at

S
equilibrium. We alter this equilibrium by irradiation of the sample
with an electromagnetic field that induces transitions between the

Zeeman levels. After this perturbation, the spins reach an equilibrium
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S
turefT.’1This happénsiwithih-a timé'Té

tiﬁe}"afﬁerﬁéuppieséiﬁgbtheupértufbatibn; HLatéf; T

" at a.nev spin temperature T, that is different than the lattice tempers-
(the so;éélled spipfspin relaxation

Srapproaches T due to #
the spin-lattice interaction. We shall séevtha£ TS follows the differen-

tial equation:

'”‘ffan_ e - »
S dt-H};;Tl‘;§§»35)~ e (l%)

Here, B = (kBT)-l.

- which defines;thefépiﬂyiaftide rélaxation time_T1.

- We start with'the specal1edf"master",eQuation:
oo (s) _Z N p(8), L L(s)
: dt]meu'vf “';(Pm“wﬁ‘m_fpm:AWﬁm’)

whiéh'reiétésjthehratetdf change of the Boltzmann probabilities to the

" transition probabiiitiéﬁk fNéXﬁ, we evaluate the average energy of ﬁhe
spin sySfém, E, and see how it changéé: ' o

m.. m : S .
o om I o

. QE;';. oa (s)
: dti"‘Z-Em at o _

=

I}
)
CB o~
EE
Lo
Sv
s-.
Ev
i
a—

On the othér hand, wé.can write that

CE_ s & )



From (12) wé_getvthe equation;

dF d Z (s) |
=2 Ny p\Slp
dBS dBS'% ~ m m

From (éi-ﬁe ha?e:
a8 ong ' | (16)
@B fm T ——T~)exp( ~-E B ) _T-Té exp(-E BS 1

5

We ‘can expand (10) in the hlgh—temperature approx1mat10n, E BS<< 1

1 22 |
Z(l B E + 31 _BSEm_ ces) |
o (4 Tn b £ E )

' where‘Zén= 21 + 1. Now the term in Bsfcan be made equal to zero with

a suitﬁble choice of the representation and the following terms are

negligible in the-high—témperaxure approximation, so that

28 s g =are1
0

g—%a.(-_sq.)..=_0

Bg

.Introducing these results in (16) we get:

4 p(8) . “m

dBé m ZO
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So that equation (15) leads to:

dE _ 0 1. N2
a8y ZZ m T
From (1h){;- .
, _ 8. e

aE _ 1 T8 N V2

dt Tz at :E;:Em (a7)
o m

i

By‘cqmp‘z"a.‘r.i:ég.)n of (,1_3)' and: (17)_we_ get

o 8N\ . .o 2: »(5) (8)y,
S ats ZEm T2 da _[Pm' Wmin'-l)_m' Wm-'m:| (.Em-Em') (18)
- . m m,_m' v } L » i :
.Now:Wewsha;ll-:introdilce the l:a,tti_ce_ temperature T and the é.ori'esponding.
popﬁlaﬁ_ions Pm ‘By the principle of the detailed balance, é,t'equilibrium
each tei'm vin the sum of :.equa'tioﬁ (18) 4Va.riishes sO .that :
P W _,=P, W,
m mm m' "m'm
Hen'¢e:
o EEé:E::EQ ) :E:: Py 1 VN (E -E_,)
‘ dt m 2 L m ‘mm' P, (s) m m'

1518) ~ 2}— and expanding the exponential, we get:

By replacing P
’ ’ .0

in

dt Z Em _"2— (B-BS) z : Wmm' (Em-Em')
’ mm'’ .

This differential equation for By is of the expected form (11). The .

relaxation time Tl is given by:

a



‘tronic energies. Also, because of the 8-function, we can-replace-Ekv

=13~

Equation (19) is the so called "Gorter 8 formula". _Its derivation
is found in most textbooks on magnetlc resonance like Slichter's,
Abragam s,_etc. We included it here for the ssake of completeness.

Now we return to.equation.(B), The total onergy difference betweeh
initial and final state is: o

_Emzid " m'k'c! Eko Ek'o' * ho

where w is the Larmor frequency of thé nuclear spins. The Zeeman energy
can be neglected here since it is very'small in comparison with the elec-

lol

by Eko and get:

(B L = (5] = KT(5 )

where EF is the Fermi energy and kB is the BoIthann constant. Thus,

the transition probability isz:

L {f“kBT 3 |<mo|:w|m'k'c>|uk g S5 F)  (20)

oy — —

aj
apd”

The transition probability Wﬁm, turns out to be-proportiongl to the

© temperature, a fact. characteristic of direct processes of scattering. -
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B; Contact Relaxation

. From now on, ve- have to. spec1fy the type of 1nteractlon and the
wave funetlons; Let us take'flrst the contact interaction (5a). The
wave ﬁmct-ior_l:s-.'are.‘g'iven _b‘y;»the‘. fdldwirig" B'-J‘.c“)ehvfunctions:
Imko) |m)|0> uko(r) exp (1k'r) o (2)

where uk(r) has the lattlce symmetry. Then
.<mgolflm'gro'> = (a1, [m) ¢ golzaf_lk,'c'f) + (m|T_|n') (xo|ef|x'0?)
Usiqgt(Sa) and:(Qi)_
e o Br . o2l [ o *
(&C’:"I’S_LII.}E'Q') = §Ir‘_-YéYnﬁ2 Efd3r6(£) exp [1(‘§_—§')'£]u1£c_(r) u}_ivc'(r)'
| x (]s,lo")
| <k0|q’ lk °'> = 3 Y Y h2 z uko(o uk o' )‘ <°»lsi.|°'>
b 22,1 2y , 2
.W;mv h T x T(3 Y Y * §<|u+(0)| ) F <'|u+(0)l >F
’ . ; | )
X W3(B,) X N3(By) X |G| T,T_|m) |
~ where the_dfrows ihdicate tﬁe electron $pinedirection; Nf(EF) is the
density ef:states'per atom of spin up.éeelectrons at the Fermi level,
and correspondently, Nf(EF) is the deﬁéity of states of spin down’
s-eiectrons.

'Now,'the matrix elements betweeﬁ the nublear states are zero unless

m' = m#;;'-In'this case,

(m11++;;jﬁi1) =\ I(1) - m(ﬁil)

L
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Hence we can write thevtranéition‘probability in the form:

WS, = WS [1(142) - nlms1)]

where:
c_32 33. .22 CIBN g IR 8y L s
Mo T ™ kpT¥eYn <‘*,‘1+-(°)'2>F (luy (0] >F-"‘N+(EF) N, (Eg)
Note thét if we have a nucleus,with spin I'= 1/2, then-Wz is the
probability of a transition from m = 1/2 to'm = ~1/2.
Now - we replace the expressions for W ! and E = -phw in formula
(19) tQ_get the relaxation time_le
. Z.;le (hw) _+§n-1‘;,wmm_-1 (how)
2§m2(nm)'2

WC g;[x<1+1) - mlm+l) ] +§:[1<1+1 - m(n-1)]

l_.
c 2 2
B - >
| m=1 ’ "
From the relatlon. E: 1n I(2I+l)(I+l) we .get:
3 .
. m=-J :
;L—c— ‘= 2W§. .

The relaxation time‘Ti turns out to be independent of the nuclear
spin I,:and it is equal to twice the transifion rate corresponding to

spin 1/2. 1In general,

=— = 2y - - (22)
| Tl o _ _
2 A 2 |
where: W_ = :—r-l’l-kBT 2 : | (ko |e, K10 | S(Egg By rgr) (B Ep) (23)
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Since,wc"aréIintércstedvin ths eiécsroﬁiC»ccstribuﬁion to the
‘rclsxaticn_pfocess;-iﬁiis,ﬁSeful to define a'reisxatioc'rate R that is
iﬁdeﬁehdesﬁ of theitcmﬁeratcrc’ahd'the chéracteriscicsiof'thevnucleus
1nvolved, in the follow1ng Way |

| R"(YTT)

so that we flnally get

C

B w3h3ka <|u1< |>F<!u¢<°>l >F e ’, @)

For ‘the common casé‘of1aanon-polarized-s—band‘where

Nf(EF) N¢(E ) N (E /2 a.nd u,(o) | _¢_(o) é.'_us-(o)

we have

=
[ '

C. Orbltal Relaxatlon

It 1svmore dlfflcult to derlve the dlpolar and orbltal relaxation
rates inva'closedtfcxm;-like the:ccntactprelaxation; VFQr non=zero
'angular.ﬁcmentum'stafes, the tight—binding5a§proximaticn\is'generally
used. va is simple-enough to néndervSQluble-:equations. In spite oflits
failure tc>descrfbe itincrsht‘effects, tﬁe fesﬁiﬂs are‘reasonsbly accu-
rate here because the relaxatlon process occurs in the local v1c1n1ty of
the nuclsus, where the electronlc wavernctlons have essentlally an- atomlc
character. To deflne_the;wavefunctaons; we must specify an additional
“band 1ndex u | “ |

|uk0> N l/ Zexp(lk R Z u]JnkO |¢ (I‘ R >|0> - (26)

n

c. 16 3h3i<BY2 <l (o)l )F [N (EF (25)

[

9

L4
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where N is the total mmber of atons in the crystal, R is the position
vector of'eny nucleus and ¢'(i) is‘an atomic wave fﬁnction.
~As we are interested in nickel we will make the calculatloﬁ for
d—wavefunctlons, since 1t is known that in- Nl the 3d band has a high dens1ty
.of states at the Fermi'surface, and this parameter appears as a multi-
plicative f$ctor iﬁ‘the relaxation rate (as we shall see later).
. The ‘atémic d-functions ¢h are five-fold degenefete in the‘free

atom; the'levele are sﬁlit when pleeing-the atom in the cubic crystal
field. We get two-fold degenerate levels that traneform aecording to

T 1rreduc1ble representatlon and three—fold degenerate levels that cor-

3

respond to r the 1atter hav1ng the hlgher energy We will take the ¢n S

5’

as the’ba81s for these representations. They are written as linear com-
_ /

binations of the spherical harmonics Y2 m(6,¢) multiplied by a m~independ-
he . _

ent radial function, as follows:

NEY -\ = fg;-fﬂr) = ;—Z_ [, ,(6.0) - ¥, ,(8,0)] £(x)
b, =y r%ﬂr) = 7—;_ [¥, 1(8,0) - Yp,(0:9)] £(x)
,(x) =y Brl) =L [r, (0,4) + v, SO (27)

b (x) = m(—r—L)ﬂﬂ 1 5(0,0) + ¥y ,(0,0)] £lr)

05(x) <42, _(§f_2:.3‘._) £lr) = 1, 4(6,0) £(r).

- Our wavefunctions lugg:)are-linear combinations of L.C.A.0. wave-
functions, with coefficients uunko' All these coefficients are thus the

matrix.elements of a unitary transformation from the L.C.A.0. wavefunctions.
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The following orthogonality conditions are fulfilled:

* o ‘;.: R
E_ : u]..lnl_gd u]Jnl ko = ';'611!,1' )

n

The relaxation time'is obtained_by réplaging (26) and (27).in (23):

W g 3 Sl R TRLEREY

k k' !
o6 R

Taking mgtrix elements befﬁeénv#dvefuhctibns of the same atom, we have

orb| . w1l XY \ B
<Uk0|¢ Iu k'o")= L exp[l( “k')- R] E %un k0" n,k.g S

R. , Comny

x ( %i(a-li) |¢$r?'1 ¢ni(r.-B_)) |

orb —1

2_-‘ .
'<U~k0'|q) ,U'l_{.'o.'>| =N Z un kG U n'k'O' un kO'U]J' lklof

1)1}
gy

7 x (¢ °rb|¢n.)<¢n.l¢°rbl¢n2>" |

Hence
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orb 2ﬂ 2m T Co® u ‘
oc' un ko 1.11 n'k'c! uné_k_g_ u' né&'o'

k k'
oo n n'
272

X, 6270 g )<¢n.l¢°rbl¢2> 8(E m{o.)s(Em«, B,)

The next step is to define average values of | 2 taken at a

oo

surface_of constant energy E:

| Y
Coo(E) = <Juun59l )

Zi unkcl 8(EyE) /Ng(E)

where Ng(E) is the density of states‘at energy E for stéteslof\Spin o]
only. | '
Usingvthe sum rulé:
Z IJnkU un' kOG(EukO_E):é 6n 'N (E) no(E) L - (29)
Uk B : -

we can simplify the expression for Wg?b‘to get:
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- kO U - n; n' ‘

' 6?53' _EA# | orb
Vo h kT§ : § : Yin kounk0<¢ 1| M)n')

o ny

X <¢ ,|q>°r‘°|¢ )&(Eukc F)N (F.F)c ;O(EF)

' -
(o] nlnl

l .

orb Y Y’ h2 -3

The matrlx element of Q 2 ,  are calculated'uéihg

the equatlon

6,0).

6+m(m+i)

L, Y. (6,4) =1

T*.72,m 2 m+1

‘ 10 0 -i i/3
L= i 0. o 1 V3
‘0 i 1 0 o

. _1@_ A o J

e

Hence, <¢ | Orblcbn.) =YY, h2 2<n|L I’ >f £ (r Par
Definingef, | S '3> ./f (r)r?ar“
Then: <4, frb|¢n.>- vy b 2<r Sydalr, >y

Before evaluating the_summation, we can see that the coefficients

Cnc_are ?elated. F?om (29):

R I °rbl¢n.)|2tm (EF <E 0, o(E)  (30)

¥
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n

E qunko 'E) =X (E)Z CoolE)
Employing (28), we. get.

2" e - d‘E’Z o
Hence: v-ZCnG(E) =1, : | ' | o

n
Du'é tf:o _‘the degeneracy within evachv ma_hifold, the coéffi-cient' Cn g 1s
the same for all the wavefunctions corre'spondin'g.'i;o the same irreducible

representation (Iy or I';). Let us define:

5
= » - 1 - l ~
Ci6 = Co0 © C3o' 3 s
Cug = C56 =22 %

Re_piac_ing in (30) the value of the matrix elements and the coeffi-

cients’ o
ient Cno s, we get

worb

o = et 2P TP )P ey e- 1)
g o

L= Moaniy gy 82)2 > Z[N ()1 (2_5 22)

gOTP_ %’l h3kB Z[N (EF)] % 0)-:" AR (31).
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" 'D. Dipolar Relaxation
Here weAemploy‘again the same representéxion used for the orbital
calculation.. FolloWing.the same-stéps, we:get the equétion

G = far s 3 Koo e, o'|¢0'>laﬂ“<EF>No-<EF Cag 5 1 )

oot nn'

The expres31on (7a) has to be rewrltten 1n terms of polar coordlnates'

and then in terms of spherlcal harmonlcs

v p2.m3 1.3 .. 3.2, 2ip, . . id
+ LAM hor 5{(2 éln e-1)s+ + 3 81n‘9¢ | S +3 51n6cos9¢ SZ}

;@;'}ip-w h% 3{ 5Y2 O<e ¢)s \/6"'2'2(e¢ \)6;' Y 5(0 038 }

Calculation of thévmatrik_elements involves evaluation of integrals

of the férm: v SRR
T Tl o
/Y2 L (B0, (@, DL
' 1 . 2sm 2 2,m 3 :
By'subStitutingvthg'Iejm

polynomiéls Wwe can see that the integral vanishes unless m =m, + mye

's in terms of the associated Legendre

If this condition is fulfilled, the integral‘has a value given in
Table I; 'Calcu1ation$ were made after,direct‘substitutionvof each as-
sociated Legendre’polynCmial as function‘of X = cosf. Another way

(suggested by Rose2 ) is to use the formula

/- . (2JL +1)(22 +1) . ' \
iy it = — - C(Ry 2,8 smomm ) C(2 2 g .000) -
) 9'31113 I2‘21112 Q’lml v )4.1'[.(223.,.1) 27371 2 3 1273

where the C's-areAClebsch-Gordan coeffiéients,' These are tabulated, for

instdnce, by Condon and Shortley.27

L
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The results can be presented '_in the form:

0P =y y 0%r73(m,s, + M5+ 1S))
/7 0 0o 0 0 -
0 -1/1&7.0 0 0
M+ -lo o -1/1k o0 0
0 o o 7 o
0 0 0 o =T
L i
0 ° o o /317
0 -3/1% 3i/1k o 0
M_o=| 0 ~3i/14 3/14 0 0
0 0 0 0 —/3'/7“
SE/T 0 .0 -B/T o
o 3/14 -3i/14 0 0
| 3/14 0 0 .31/14 -V/3i/14
=l -31/1% o o -3/1h -/3/1b
0o  3i/1h -3/2k O 0O
0 /3i/1h -/3/1% O 0
J
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Hence,

'wd kT(Yy r?) (r )QZL Nd’(N )

00' nn'
no(Ep>_Cn O,m ) [k¢ I, |¢n.>|2|<o|é Ic'>|
| t<¢5'-|mi|'4sn'.>f?' i-’;l-gv_lyé_->|¢v>l?‘:+ '|;¢gi,‘;4.‘z»|;%,'>|?|'<;_'|_gz|0' >|»2]‘
wdi?_ %—kBT(Y Y, h2 2 e” ) Z {N (E s éEF)Cn+C 1 (Bp)

X i|<¢n'l_M;.l¢n‘;_>12- + '|'<¢_h- I‘M;'I_¢n.$l_2-1 S <EF e _(x,)

c L
b.anLG(EF)|<¢Q[Mz|¢ﬁ'>lg}”

Subsfitution of the values of thé C's and the matrix elements gives

wglp ghﬂ kT (Y, Yn h2)2< —3> 1196 {N+(E )N (E )

X (?—g- £,8,- 6£,-62,+8) 3 [Ng(EF)]2f0(2—fd)} |

Réi?_ lnr 13 kg y (r 3) __6,{21\1 (EF)N+(E )(13f - 9%y - of+ 12).

~

Z3[N (E )]f(ef)} o (32)

We;can see that the dipolar relaxation rate has two terms: one that
| comes from proéeSses in which the electrdﬁic sﬁin flipsfénd the other

one from processes where the electronic spin does not change (but the

i

v
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orbital angﬁlar'momentum doés){v The first part vghishes in situations

‘where the d-band is polarized and one sub-band lies entirely below the

Fermi energy. If Ni(EF)'= 0 (as in Ni) we get '

aip _ M43 2 omN2 3 dn )2 £ (oee)  NMEL) = 0
R0 = byl (r 3) Tog N (Ep) 17 £ (2-2) 1+ (Eg) " (33)
It.is interesting to compare the dipolar relaxation rate with the
orbital one. We consider again the case withNi(EF)‘>'= 0, for the sake

of simplicity:

_aip (2-2,) |
RS 3 v |
= = N (E.) =0 : (34)
orb . 196 5 4\Yp
R (2= 57,

The ratio does not change very much with f+;‘ For instance, with
f, = 0.6 (spherical symmetry of the 3-d wavefunction) we have

dip

R
orb

R

_ e : a _.
= 0.0214  (with f| = 0.6 and N (E;) = 0)

so that the dipolar relaxation rate is abouﬁ 2% of the orbital rate;

E. Other Mééhanisms

Core s-electrons are polarized by s-d exchange, if the d sub?bands
are split,‘as in ferrbmagnetic métals. This poiariéation is sensed by
the nucleus through contact interéction, and it is'éne of the important
mechanisms of the hyperfinevfield. Therefore, there is an interaction

between the nuclei and the d-electrons through polarized core s-electrons.

‘The appropriate Hamiltonian involves terms of the form I+S_ and I_S+.

Following the same steps of the previous cases, we woﬁld have relaxation

processes where the nuclear spin flips and the d-electron spin flips in
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the opp051te dlrectlon Such processes would not be. p0331ble in nlckel
metal because the den51ty of states at the Ferml surface of spln up

electrons is almost ZEero.

!

Another mechanlsm of relaxatlon would be productlon of- magnons.v‘
Only dlrect processes must be’ con81dered, 51nce 1t is always observed

that the relexatlon rate is proportionalfto_the temperature. Conserva—

tion of ehérgy requires that the emitted'or absorbedrmeghOn has the same
energy as,the'nuclear trsnsition.vaLet.ts estimate if this is possible

in a real'situation. " 'The magnon:dispersion reiatioh28 has'egconstant'

term. proportlonal to the anlsotropy fleld HA

hw(k) = guBHA ¥ 2JSa2k2 =

This forﬁﬁla is valid for]cubic;symmetry,twith latticevconstant a. J
is theseXChenge inteéfaitand S'the.electroﬁic spin.

‘From here we csn celculate the miﬁimum associated frequeney fmih
of the"ﬁagson spectrum:

R g“B _ %% 2%
min 21h A Zﬂﬁ S

where K is thefanisotropy_coostent and,MS;is the saturation magnetization.
Substituting K = 5 X 10* erg/cn’, My = 500 gauss and g = 2.21, we
get : : )
- _2.21X0. 927><10 2°X2xs><10“ |
min = g, 626><10 ~2Txs500

650 MHz.

But the Larmor frequency in Ni metal is of the'order‘of 30 MHz'only,;
We do not expect, therefore, that relaxation through magnons will have

any contribution to the total relaxation.
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Thus for nickel metal wevafe'left with the main mechanismsé con-
tact relaxation Eq.'(25), orbital relaxation Eq. (31), and dipolar
relaxation Eg. (3&); Nﬁmerical calcﬁlationé are performed in Chapter IV,
showing that the orbital relaxation is,doﬁinant and the ofhers are a

small percentage of the first.



III EXPERIMENT 1.

This chapter preseuts a deta1led account of the experlment done;
Part A descr1bes ‘the apparatus used. Part B tells how the samples were
prepared.‘ Finally, Part C glves the results and a prellmlnary evaluatlon. -;

A. Appggatus |
.Alblock diagramicau beaseeunin Fig. 2. The-transmitter provides_thee
neceSsary rf pulses'for‘saturatlng the nuclearlZeeman:levels‘and for |
monltorlng the recovery to the equlllbrlum nuclear magnetlzatlon. The
| transmltter is a pulsed osc1llator Arenberg type PG—650 Itvgenerates .
rf bursts when pos1t1ve:pulses, about 20 v, are applled tovits‘input.
With avSQVQ load,>theurf voltage may'be as.highvas'6003V peak to peak,
' which/means about 450 W iustantanecus~power. : |
'The‘receiver.(Fig.-*)ﬁconsiStsiof'an.rf'amplifier and:a.detector.
The rf ampllfler is a cascade of ampllflers de51gned to prov1de several
volts to feed 1nto the. detector.._ |

Our configuraticn is not comuon;:IUsually, theIrf level is'smaller
and the outpub of the detector goes inte a low frequency amplifier
(video or audio amplifier). The response of sucu atsystem'Is.not'llnear
.because of the well—known knee cf'theldicdeiI—V characteristicv(occurring
,at about 0.3 V for germanium dlodes). ForVSiéuaISVSmallerﬁthau tue“knee
voltage, the detector follows approx1mately a square law. There'are'
- three ways to overcome this dlfflculty
'l; Use of a more-elaborate detector’circuit, such as an cperational

29

' ampllfler w1th the diode in the feedback loop ~In our case; it was
not possible because there was not available an operatlonal ampllfler

that would work at such a-h;gh frequency as 30 MHZ;
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2. '~ Use of a phase detéctor_circuit,30 which is inherently lincar.
This configuration requires that the signal must be,cohereot in phase
with theIC. W. oscillator. The pulsedvoscillator must be substituted‘
by a pulsedvamplifier dfiven.by the samé C. W. oscillafor.. Wevfound
that suCh.changes were not simple to perforﬁ in the Arenberg oscillator
(that was already avaeilable), so that this.alternative was abandoned.
3. _ Calibration of the system response and reduction of the data. This
is the scheme we adopted., Since we were usingla digital computer to
calculotc the relaxation time, it was easy to add a subroutine\to’the
main progfgm to caiculgtc a correction. However, we considered it
necessory to linearize the detector response as much as’possible in
ordervto avoid errors infrodﬁced in the averaging process. To show it
more-clearly, let us suppose that the system has a square—iaw response.
Then if x is the inout, the output of the receiver is x2 (neglecting
the gain). The averager gives (xg)n.and the computer subroutine used to
correct for the lack of linearity gives <:é:>,1his output may have an
important error, especially for low signal-to-noise ratios, since
v< x2 > #(x) . That is the reason why we triod to linearize the detector
responses by connecting a high gain rf strip, whose output was typically
5 V. A video amﬁlifier was not necessary. On the contrary, we.had to
attenuate the detector output in order to avoid saturation of the
averager. |
The attenuator (connected between the preamplifier and the first
wide band amplifier) is used as an overall gain control. |
The sample was placed inside a coil L (Fig. 2). The capacitor C is

tuned to series resonance at the transmitter frequency. When properly
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tuned, the series LC circuit looks like a resistive losd at the end of
the transmission line. This.resistive ioad‘is determined mainly by the
sample losses. We meesured for’the coil a Q‘Value of iO to_lS; which is
. small in coméardsOn with the Q measu}ed uithout_the samnie inside the-
0011 (60 to 100). i . | -

The capacitor C must be - verj ciose to the c011 Lvto get the max1mum
.power transfer_to the semple. It was found convenlent to substltute
the vsniable capacitorncib& an adjustable transmission line‘With a
short;cifcuited endv(Fig; h). :The_advantege of this device is that it
is vef&leasy to tune in any.circumetance.over a wide fange - This was
not the case with the dlscrete capacitor whlch was dlffﬁcult to

manipulate when cooled down to helium temperatures

The same coil L is used to p1ck up the nuclear signal. It is
connected to the receiver through another transmlss1on llne In order
to uncouple the transmltter to the receiver the follow1ng measures
~ were taken:
1) 'a'pair;of 1N3728 -diodes were connected backeto-heckvandeinserted
in series.at thevtransmitter output. Another pair ofldiodes vas
connected in narallel with the input to the receiverr These diodes
have a dlfferent behav1or when transmltter pulses.o; the signal appear
in the circuit. The kneevln the I-V characterlstlcs makes then of a .
low 1mpedance for strong signals and high 1mpedance for smail s;gnals.
The threshold occurs at about 0.5 V. The diodes at the transmitter
output do not present a series impedance for‘the'strong rf transmitter’

~ pulses.  However, they effectively prevent the'weak'nuciear signal from

being dissipated partly at the transmitter coil.
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2) Thé transmission line going td_the receiver has a A/U4 length. The
result is that for strong signals the diodes across the receiver input
proteét the receiver by short-ciréuiting its input.. Howéver, looking
'from the transmitter, the receiver apﬁears as an dpen circuit.

The rf powervtransferred to the sample coil is maximized when the
series L-C circuit presents a resistive impedance equal to the character-
istic impedance of the transmission line, 50  in our case. We obtained
the.best mafch by trail and error with the help of a stgndihg wave ratio
indicatbr and an a.m. signal generator (H.P. model 608-B). The receiver
was disconnected for this operation (Fig. 5). The standing wave ratio
indicatof measured both the incident and the réflected wave. It was
built according to the specifications of the Radio Amateur's Handbook.3l‘
Actually the effective impedance of the load is not very critical

for matching purposes. If p is the reflection coefficient at the load,

we have that the power P dissipated by the load is:
- 2
Pme(l [o])

where Pm is the maximum power when the load,eéuéls the characteristic
impedance of the line. For instance, if p = 36%,'then P/Pm = 91%,
which is quite good. |

For a frequency of 30 MHz it wasvfound that a 14 turn coil of 1 cm
diameter was satisfactory. The same coil was used for the Ni6l resonance
at 27 MHz and the Pd105 resonance at 33 MHz, with a power transfer better
than 95% in both cases.
The same configurafion of Fig. 5 was used at the beginning of each

experiment for tuning.



-32-

Thé éverager in Fig. 2 is é device thét stores-the resulﬁs of many
measurements aﬁd gives their average. it was necessary.in-our expériment
because the nﬁclear signals ﬁere usually weak, of the sémé order of

' magﬁitude'as'the ndise‘pfoduéea iﬁ“the first stﬁge of thé preamplifier
(aboﬁt:2 W rms). Bééidés, the_séturation'measﬁréments of.thé’spin—'
lattice reiaxation timé requires é good aqcﬁracy df'tﬁe measurements,
since oné is iptefested in the_differenée betweén.the:equiiibrium
magnetization and theltfansient maénetization; When tﬁis difference is

small (for long times, of the order of T, or more) its relative error

i
may be»muéh bigger than the relative errorkof the measurements.
Three.éonfigurations of the experimental setup were used, as
degcribed iatér.  In ﬁhé,first two; the averager was a boxéar integrator
(Fig.‘é), which stores the‘medsured Qoltaée in a capacitor.. It is

essentially a low—paés filter that averages out the noise, while giving

a de Qutpﬁt équal to the signal. The electronic switch is on only when

the sighal appears (for 1 to 2 usec). In the last configuration (Fig. T)

the averager converted the analogic signal into digital form and stored
it in an_electronic computer; so that each new measurement would add up
to the.previous meaSuréﬁents (as described by Samueison and Ailion),.32

_The control unit in Fig. 2 provides_conveniehtly—timed pulses to.
operatefthé transmitter and the,gate_éf fhe avérager; Thé contfol pulses
are thevfollowing:. first é'séfies of puises which produce the rf "comb"
used to exqite the nuclear spins. Next, two pulses thaf prodgce two rf
bursts.for the spin echo. Finally, a pulse to trigger the boxcar when
the signal is going to appear. The sequence in shown in Fig. 8.

We built three different configurations that were successive

S
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impfovéﬁents to cope with the noiée problem,

In the-fifst configuration, an initial comb éfvpulses was produced
by.a cbmbination of Tektronix pulse generators type 162 and 163. The
delay t, (Fig. 8) was produced By a pulse generator built in the
electrOnié shop of thekfhysics Department.and adjusted manually. The
last echo pulses were produced by a digital timer, controlled by a
1l MHz crystal oscillator. The same device gavevthe pulse for the boxcar.
Aétually the boxcar consisted ofrfﬁo identical units whose outputs were
subtracted in an operational amplifier. ‘The gates for the boxcars Qere
displaced in time; one of them occﬁrred when the signal appeared and.
the other was off the signal.v This disposition eliminated any displace-
ment of the signal baseline. Both the digital‘timer and the boxcars
were built in the Elect:onics Shop. | |

The system worked well andvgave acceptable fesults when the signal-
to-noise ratio was high and the.relaxation time was short. For lower
signai—toenoise reatios, such as those in our exéeriments, it was
necessary to increase thé time constant of the boxcars. Then a new
difficulty appeared: s élow drift of the sysﬁem'gain was noticeable
for times of the order of one hour; The experiment consisted of
measuriné the signal. for several values of'ta'(typically 15); Each
measurement was repeétéd for half an hour or moré, so that by the end
of the experiment .the drift spoiled the initial accuracy of each average.

We eliminated this difficulty-in the second ébnfiguration. Here,
we measured a reference signal together with the desired signal. Both
measurements were made alternatively and averaged in two independent

boxcars. For the reference signal, the value of ta was always the same
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'and'éeVéral times higher'tﬁéﬁ fhelexpected Tlt'_Several pulse geﬁeratOrs

andvibgié gates provided the automatic:alternation'of bbth measurements.

| The third configurafion also eliminated the drift problem and
reduce&_the fofalvdﬁration of th; expériment foséhevhélf. It consisted
basicaily in changing the valué of'ta automatically for each new

_méééu?éﬁent, and'stofiﬁg fhe'resuit in a separéte.channel of a multi-

channel analyzér;  Afﬁer:the.ébmplete series of pre-set values of td'

v o ;- , o
had'passed, the system stqﬁted.again, adding the new results to the
pfeﬁidus oneé; Thé féferenée'sigﬁal.is'hot needed in the third

,_confiéﬁration, since the slow.drifts are sharédbeveniy by all the

ave;agéd results. That is why fhe ekﬁeriment time is reducéd to one;
half in:cémparisdn with the second configurétion.

'The muitichannel analyzer'wé used was a TMC Model 40Ok, working in
the mulﬁiséalar'mode, The voltage tq;fréquéncj‘converter was a Vidar
Modéi ého.' It was cohpeéted to theJmﬁlﬁichannel énalyzer via a gatedv
decédé counter, thét reduced'thé frequenéy fy a.factof of 1/10. More
couﬁtérs“aﬁd_logic gates provided the automatic chdnge of ta and
controileq the address advance of the multichannel analyzer. The

‘"samplé and hold" device was the same boxcar used before, but t%e time

constant of the RC circuit was set to O;2vusec, which was smaller than

the opening of the gate (1 to 2 pséc).

B. ‘Semple Preparation
éampies of non-annealed ﬁickel were simply obtained from7Ni.sponge
of 99.999% purity,'supplied by Johnson-Matthey. The metal powder was
mixed with N-grease for eiectridal insulatibn, thusvavoiding thé effect

. |
of skin depth. The N-grease also improved the thermal contact between

[



'35f

the metél particles and the helium bath.

The experiment with anneaied nickel was made’&ith the same Ni
sponge after a heat tréatmgnt at 600°C fbr two hoﬁré. It ﬁas performed
in an Abar‘resistaﬁce furnace wﬁth high vacuum facilities. The residual
pressure was kept under u‘x 10_6 torr. Alumina p§wder was added to
avoid sintering of the nickel particles.

The Ni-Pd wes prepaied by meltipg Ni and Pa spOnge‘in an alumina
crucible in the same Abar furnace, There was a reducing atmosphere of -
hydrogen at the beginniﬂg to eliminate surface oxidation and facilitate
the proCess. Actually the gas vas a mixture of L% H, and 96% He. Later,
the gas was substituted by pure Hé. In this Way we prevented H2 from
being disolved in the liquid melit and released upon sdlidification,
thereby prdducing bubbles.

The alloy wﬁs kept at 20°C below the'meiting point for 24 hours in
order fo homogenize it. Later, the degree of”hombgeneity.was tested
with an electron'beém microprobe at IMRD. The instrument could detect
variations of comyosition of the order of 1% or larger. It was found
-in our sa@ple‘that the local fluctuations of composition were below the
limit of sensi#ifity-of the instrument.

The.alloyc%as gfound against a rotating disc covered with abrasive
alumina pafer #120. Later, the alloy particles were easily separated
from the alumina particles with the help of a magnet.

The last step was annealing for two hours at 600°C in alhigh
~ vacuum to eliminate the strains produced by the cold work.

The samples for the éxperiments consisted of a mixture of metal
particles and N—greaée. The latter provided electrical insulation

between the particles, to avoid the effect of skin depth.
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C;' Results.-
105

1. Qbservetion of NMR in;ﬁiG} and Pd
| | The spin.echo techniQde vas used The sample temperature was 4, é° -
Wlthout -an externsal magnetlc fleld we got ‘& resonance frequency of 28 h6
MHz for N16l both in pure N1 and in the N1-Pd alloy, in agreement w1th

earller measurements33

that-used a-marglnal os01llator as a c.w.
detéctor of NMR.s N o

| We feproduced the results of~Aubrun'and Khoi3h and Bancroftzo'when
an external magnetlc fleld was applled ' The resonance frequency shifted
down, and for external fields hlgher than about L. 5 kG the variation
was llneer. Thls shows that the hyperfine fleld at the N161 nucleus is
negatine‘and that the;partlcles become magnet;cally saturated for
external fields highef than 4.5 kG.

This argunezit is reinforce'd by the fact 'th»at the intensity of the
echo went down as the magnetlc fleld was 1ncreased This shows that the

domaln Walls dlsappeared because the enhancement factor35

was much
blgger in the walls than in the bulk domaln.

‘We ebtained additional evidence of the change of enhancement factors
when g01ng from the zero external field 51tuat10n to that with an
external applled fleld. -We observed the shape of ‘the echo as a functlon
| of the amplltude and w1dth of the rf pulses., If'the turningvangles were:
| very‘hlgh (much’ blgger than w/2) the 51gnal appeared as described by
. Mims;36 For instance, if the two rf pulses had the same W1dth the echo =
was symmetrical, with a dip in thelcenter. If the rf amplitude was

reduced, so that the turning angle became of the order of /2, the echo

would have a maximum in the center (as commonly happens). This center
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was displéced with respecf to the'Previous casé: vIt occurred at a time
tl/2‘lafer, where tl was the rf pulse width. | |

-These changes were not seen when an exfernal magnetic field was
applied.v We observed only the lasf éésé (even with the highest possible
rf field),éhowing that the turning angle was of'the'order of m/2 énd
thaf the enhancément factor was sméll. | |

Since the nuélei do not experience a deﬁégnetizing field in the
éenter of a wall, the value of the resonance frequency at zero applied
field gives directly the.hyPerfine field. In the case of Ni6l, it turns
out td be ~T5 kOe, as calculatedrby Streever and Béﬁnett33 and using the
ENDOR measurement of the Ni6l nuclear magnetic mbment.37

The Pd resonance in the Ni;Pd alloy Was'found at 33.79 MHz (without
an external megnetic field). This reéult agrees with thé calculated
hyperfine field of 104 kOe reported by Kombani and Tton,3® also obtained
in a spin echo experiment at 4.2°K. We found that the sign of the
hyperfine field is negative; as iﬁ Ni, because tﬁe resonance frequehéy
shiftéd down when an externél magnetic‘field was applied. Figure 9 shoﬁs
the results for Pd resonance together with Bancroft's measurements in Ni
sponge.20 The frequency sceles are different for each display; they are
of different size and different origin. They are determined. by the
condition that the straight line for Ni resonance coincides with the one
for Pd. These straight lines represent the theoretical resonanée
frequency vs external field of single~domain spherical particles having
a demégnetizing field of 2.3 kG (as calculated by Bancroft). For external
fields higher than about 4 kG, the experimental points coincidie with the

straight line, showing that the Ni particles are indeed single domains,
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50 that~£h¢re-are no_walléwpréséﬁf. Qur measureménts of Pd~fesonénce
did not pfetenaktp prove this féct,.which waé alréédy established,-so
that wéldid not spehd too much time tfyingfto improve the accuracy to
get closer to Bgncroft'é curve. Qualitati#e agreement is satisfactory
.enoﬁgh.' |

In=thé‘couise of these_measﬁremepts, cére.waé taken to set the

turning_angle to a vaiue'sﬁall enough, so that the echo frequency would

!
[

be the same as that of the exciting rf pulées; This would not be the

case for high turning angles, giving Wrong-valﬁes'of the resonant

hO).

It was found that after repeating thé experiment severai fimes,

frequency (as reported by Budnick and Skalski

the signal decreased until it was completeiy buried in noise. This
effectvhgé not béen reported befdre. We beliefe it was caused by an
increése_qf the line width beyond the receiver bandwidth (about 1 MHz).
This could be produced by a slight 6xidation of the sample, with 1at£ice

distortions that would broaden the NMR’line through electric gquadrupole

105

effects (note that N161 has a 3/2 nuclear spin and Pd has a 5/2

39

nuclear spin; the electric quadrupole moments are

Ni6l and 0.8 barns for,Pd;os).

O.l3h barns for

The oxidation process migﬁt be‘enhanced
by.the fepetition of the thermal cyclev(beﬁween room temperature and
.liquid‘heliUm températdre) through an increase in fhe number of
dislocations of the sample, Hammond and K'nightl‘tl made an experiment of
huclgar quadrupole resonance in superconducting gallium partiéles
suspended in oil or paraffiﬁ wax. They found a broadening of the
resonénce.line and a severe loss in intensit& in comparison with the

same experiment performed in gallium particles mixed with quartz

¢

»
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particles of comparable 8ize. They attributed it #o strains produced by
the contracfion of the frozen oil or wax at low temperatures. The same
effect in our N-grease might well be part of the cause of the detefier?
ation of the signal. | |

2. Measurement of Relaxation Times.

The recovery of the magnetization, as measured by the spin echo
signal, was expenenfial after some time had passed. At the beginning,
the relaxation was faster. This is explained in terms of diffusion of
the nuclear excitation from nuclei in the center of the NMR line to
nuclei at the sides, when‘the latter were nof excited by the rf comb.20
There are also nuclei at the center of the NMR line that are not excited
because of being too far from the surface of the sample (af_a‘distance
bigger than the rf penetration depth). We observed this effect in our
experiments in the following way. We assumed a theoretical relaxetien
function with an additional adjustable parameter that took into account

the diffusion and we adjusted the parameters in a least-squares fit to

the ekperimental data. The relaxation function is:

M(t) = M_{1-exp[-(t+t )/T; 1)

where M(t) is the time—depen@ent z-nﬁclea; megnetization, Mo'its static
valueé Ti is the spiﬁ-lattice felaxation'time aﬁd to takes inte account .
the fact that the magnetization relaxes faeter at the beginning, up to a
time t! (Qf the order of the spin-spin relaxation time T2, accofding to
Portishe) and after that it follows the exponential (Fig. lO)._»This-is
equivalent to displace the t-axis in to for the subsegquent relaxation.

'Upon the substitution B=exp(—to/Tl) we get:
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M(t) = M _[1-8 exp(-t/'rl)]j’

In this eqﬁation, Mb"B’ and Tl are unkﬁbﬁn éarémetérs.to_be
calculated in a least—squares'fit to the experimental_data of (M,t) pairs.
‘The computer program is'described‘in the appendix. | |

Thevresulfs alw&ysvgave'6<l, showing that there is indeed some
diffusioﬁ of thévspin excitation. A typical vaiue is B = 0.85. It
depended on the amélitude of the rf coﬁb; the numbgr of pulses, their
sepéraﬁioﬁ;and width,’vThe best results were obtained with a comb of
10 to 20.pulses, at the maximum transmittef vdltage; The pulsé separaﬁion
was 1 to 2 msec (note that'T2 is of the order of 10 msechB), and the
pulse width, about lOIuséc. The tﬁo rf pulseé used to generate the
echo'had évwidth of 2'uéec and a sepération of SOQ Usec. This somewhat
long time was necesséry for the recovery of one of thé wide band |
‘amplifiers (Hewlett-Packard model L62-A) after being saturated by the
rf pulses. However, it is.étill muchvsmallef than Tg, so that thé echov
is not reduced. A typical relaxétion éurve can be seen in Fig. 11. The
experimént was run under the above conditionms. In Fig. 11, [l—M(t)/MO]
is plotted as a function of time in a semi-logarithmic graph. The sample
was pure Ni; annealed.

We expected to get a better saturation by increasing the comb
length. vawever, we fognd much larger relaxation times and a non-
exponential relaxation (Fig. 12, curve a)). The relaxation time increased
with the length of the comb. We got relaxation times more than 10 times
bigger than those obtained with short combs (of about 10 to 20 pulses).

In Fig. i2, curve a), the comb had 800 pulses, separated 2 msec. For

comparison, curve c) is a repetition of Fig. 11, but at the same time

o



T

scale of curve a). Th¢ epraﬁati§n of this strange_effeét is simple:
with lbng combs, the temperature of the whole éample increased, by eddy-
currents and magnetic losses, vanotéd also'that the: liquid helium bath
boiled at a much higher rate. For an additional prbof, wé made the
following expériment: the transmitter frequéngy‘was shifted by LI MHz
(more than the linewidth), and a long comb at the new frequency was
gpplied. The z-nuclear magnetizatibnIWas-moﬁitored with anothef
transmitter, in the usuai way'(two pulse echo), working at the Larmor
frequenéy; ' We could see a similar relaxation curve; in spite of the
fact that fhe nuclear spins were nbﬁ_excited by the comb. This showed
that the whole sample was‘heated and that we were monitoring the sample-
bath thermal relaxation! |

We obser&ed also. a non—eprnential relaxation curve in non-annealed
pure Ni samples (Fig. 12,.curve'b)). The shape suggests broadening
through strain-induced quadrupélar inﬁeractions,'as féund by Andrew and
Turnétall,hhvSimmons, Sullivan and Robinsonhs‘énd Narath.h6 The rf cbmb
was not strong enough to saturate allvthe Zeeman lévels: only the
central transition was exéited.v After annealing the sample, we'obtéihed
a purely exponential curve like c). It is not obvious why curve c) has
a faster relaxation time thénfcufve b); we believe that in the iatter,.
there was an additional effect, probably surface oxidation, closely
connected with the deterioration of the signal.that was explained before.
Besides, it was found that after repeating the experiment with the alloys,
the relexation times tended to increase. However, the pure Ni samples
were much more stable. Note that in the latter, the particles had a

roughly spherical shape, while in the alloys the particles were rod-like
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(with a bigger surface area)., This fact reinforces the oxidation
hypothesis.

Thebaccuracy of our results is not determined by the errors of
our measurements, but by the change in sample properties. For pure Ni
samplee,'we obtained relaxstion times from 4T to 52 msec when the
temperature was 4.2°K and the external magnetic field 6 kG. As a final
value we?shall use in the next chapter:. Tl = 50 msec * 5%.

In the Ni-Pd ailey, 2 at.% eoncentration, the Ni61 relaxation time
veried ffom—hB te 61 ﬁsec-in the same.condiﬁions of temperature and
magnetic field. NOte that the a&erege is gbout the same ef the pure Ni.

The.Pd relaxafion time is not needed in absolﬁte value in the next
chapter. We are inﬁerested only in the ratio RPd/RNi' Fortunately,
'when we measured the Pd relaxafion, the Ni relaxatioﬁ in the alloy was
rendering about 50 msec.so that the Pd value can be well considered the

105

average. We got T. = 580 msec for Pd at 4.2°K.

1
We tested the constancy of the product TlT for the Ni6l relaxation

in the alloy. We made two consecutive measurements at 4.2°K and 2.1°K

(in order to avoid the oxidation drift). We obtained Tl = 61 msec at

4.2°K and Tl = 128 msec at 2.1°K, so that TlT is constant within the

experimental error.
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IV. INTERPRETATION OF RESULTS

This chapter is & critical study of the eiperimental-résults of
the third 6hapter. In Part A, ﬁe calculate the reiaxation rate of Ni
usiﬁg the theoretiéal formulas derived in the'éecond chapfer. Good
_ agreemenf with thg ékpérimental values étrongly supporté the orbital
relaxatidh modei. This mddel.is_usedvagain in Part B to obtain a Pd
4-a denéity of statéé froﬁ’the experimental relaxafionvrate of Pd in Ni.
The new result helps to develop a model of the Pd.’imﬂpurity state in Ni
in Part C. Then it is compared with other experimental facts in Part D.

" A.. Nickel Rélaxa%ion.

Here we com@are the experimental result of Nivrelaxation tiﬁe with
theoretical calculatiéns employing the formulas derived in the second
chapter.

Starting with the orbital relaxation (we'shallvsee that it is
dominant) we neéd numericgl &élues for <r-3),:N¢(EF) and f_.

We obtained the average (r_3> from a table of atomic wave-functions
(calqulafed by Herman-aﬁd Skillmanh7> and a numerical integration
according to Simpéon's rule. The computér proéram is shown in the

appendix. The result is:

<.r'3>Ni = 7.86 a.u.= 5.31x10°7cm >

We assume that (r—3> in the metéi is the same as in the free atom.
It seems reasonablé, since the 3-4 electrons.are quite localized in the
metal.

The density of states at the Fermi surface, Nd(EF) is taken from an

APW band structure calculation for Ni metal.h8 We assume that
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a 2

Ny

(EF)+N3(EF)+NS(EF) ='N(EF) = 1.7x10l el (erg atom)'ll

a .y _
and N+(EF) = 0. |
NS(EF) is & small correction. It can be calculated from.a free
electron'model. In this model, the density of states per atom is given
- by:

2 1.2

(e - i’-:.(@)-”’é /2
2m° \h® :

Where Vo is the atomic volume. Defining n as the number .of electrons

per atbm, we get the Fermi.energy.from:

E | = ?—2_ 3‘”211 2/3
F em \'V

Q -

Hence:

——EL—(3n2V§n)l/3

h®

N(EF)

The next element to nickel in the periodic table is copper, with a

similar structure but only s-states at the Férmi energy. Its density

of stateé is known from an APW band structure calculation by Burdick.u9
Now,
¥ (g)  (vZn)l/3
Ni*“TFR7 _ o ‘Ni

1/3
)Cu

s T2
NCu(EF) (Von
The s-electron densities are: for Cu, one electron per atom and for

Ni, O.6Velectron per atom. The ratio of the atomic volumes is obtained

from the lattice constants:, 3.61 A for Cu and 3.52 A for Ni. Hence:

-
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v (E.) .. »
M_F = (32282 x (0.6)1/3 = 0.8.
NS (E_) 3. : ' :

Cu'°F

From Burdick,
Ngu(EF) = 3 el(Ry atom)—l = l.hxlollvel(erg. atom)_l.'

Herce, N;i(EF) = 1.12x107% el (erg. at.)™l. Tt is about 7% of
the total denisty of states.

Hence:

‘ Ni(E ) = 1.59%1072 el(erg. atom) ™

F
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The last parameter needed is fc. Mook made measurements of

Bragg diffraction of polarized_neutrons in Ni metal and found that

f¢ = 0.81.

Replacing all the parameters_in equation (31) and (34) of chapter

two, we get:

6

Rgib = 0.79x10~

dip _ orb

RNi __0’028xRNi
6

0.022x10 .
Finally, we estimate the s-contact relaxation indirectly, from
relaxation data of copper metal. Assuming that in the latter the

s-contact relaxation is dominant, we have

] s 2
By | s (Bp) 2

- : = 0.82 = 0.64
N> (E.)

Rew Cu ' F
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Relaxation time in Cu metal was méasufedvby Anderson and Redfield.

They found T.T = 1,27 for Cu, hence:

1
RS = 0.016x10"°

Cu ‘ o

RE. = 0.0102x10°°. |

Thus the s-contact relaxation in Ni is l.3%_ofwthe orbital relaxation.
Adding thé'ﬁhree:effects we“gef: : | |
Ry = I ¢ P o, - 0,620

Moriyth made a similar calculation with iéss accurate pérameters.
He used ‘an average.<}-3> obtained from étomiciﬁyperfine data (that was
smaller than burvéalculafioh from Herman and Skillman's wavefunctions)
and a denéity of states dériﬁed from SPecificlﬁeat measﬁrements. We
prefeffed to use a density of stétes obtained from a band struéture 
calculation, which gave a smaller value. This is expected because the
sbécifig heat in enhanced by the electron—phon6ﬁ interaction and>the'.
electron-magnon intéraction.52 However, both érrorsﬁin.Moriyafs paper .
went in the opposite direction and almost compénsated. After qorrecfing
- a numerical error of 4 in his deﬁsity of states, we find that his result
is aimost equal to ours.

The‘experiment reported in the last chapter gave T = 0.05 sec for

1
Ni at T = 4.2°K. From this experimental data we get:

(v2r, )™ = (2380%0.05%k.2) " = 0.84x1070 (exp).

We can see that theory and experiment agree within 2.5%. We

]
1

believe the'méin reason for this good.agreement is that the interpretation
i » :

51
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of the.éxpérimentvwas closer'to'fhe réal situation.v The external
mégnetic field effectively swept away thé ddmainrwalls, so that the
only relaxation mechanisms were precisely those considered here. At
the time'Of Moriya’s paperléublication, the resuiﬁs'bf the measurements.
ﬁere affected by domain wall relaxetion. This meéhanism‘is veryk
powerful and was. not considered in the intérpretation.

B."Palladium Relaxation

Since the orbital interaction was well established as the dominant
mechanism of relaxation, we can use the experimental value of the
relaxation time to obtain the 4~-d density of states at the Fermi level

of the P4 impurity. From formula (31) we get:

Ba [ D [ {iaa )1+ (517}

Pd _ 4Pa AP
orb -3 3d 2
Ryi < [Ny y; (Bp)]
Hence,
: <r—3> Rorb
Ta 5 ha > Ni 34 Pa
‘[EN+Pd(EF)] + [Wypg(Bp)1™ = o3 Nivi Brle| omm
T Tpy By

Here we assumed that the f coefficients for the Pd impurity are equal
to those of Ni. This assumption can be removed without too much change
in the final results, since the relaxation rate does not depend very
strongly on f.

The average <r—3>>for k-d orbitals in Pd is calculated in the same

way as the one for 3-d orbitals in Ni. Ve get:

<r—3>?d = 7.65 au = 5.16x102° cm -.
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From the experlmental result of the third chapter T = 0.58 sec

at 4,2°K for Pd we get;

1
orb

Rpg = 0.3hxio'6 (exp).

Hence,

w
=

o T8 L 5.31 0 e 12
‘/[ +Pd(E 2 + IN¢Pd(EF)] = 5167t 68x10

o

=

(o]
[0s)
=

1.1x10™2 el(erg atom)™

C. Description of the Impurity State

Thé bfoblem of finding the impurity‘levels has not yét begn solved
quantitativelyf In the Ni—Pd c;se; all ﬁé can. do is‘tévgather;seVéral
expefimental facts (inqlﬁding 6ur megéurements) and prdpose a-strﬁcture
that Vould agree reasonabiy welibwithvall of them.i ”

Friedel12 gave a'phenOmeanogical>déséription of thé impurity_
prbblém; especially useful to explain the éppeérénce of localized
momenfs éf the impurity in non—magnetic hosts. Later, his Concepﬁs were

extended and treated more quantitatively by Andérson13 for impurities

that develop a magnetic moment and by Wolfflh for non-magnetic impurities.

According tQ.Friedel, the'iﬁpurity givés aﬁay its outer sheli of
electrons to thg conductibn band of’the»hosté a stroné attractive
potential appears at the impurity site.  This potential attracts
conduction electrons, which screen it within a short_distance. - The
strength of the potential determines whether or not the screening
electrons are actually bound to the impurity. If the electrons'are_not

bound, the electronic charge density in the vicinity of the impurity

&
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is very high because Qf resonances of the scattering“cross sections at
electron energies near those of the vacéted levéls; This is called a
virtual bound state. It behaves similarly to a bound state, but the
fact that_it is close to the Fermi energy gives rise to special effects.

Let us study all the possibilities for the l-d states of the Pd
impurity‘in Ni (Fig. 13). The é?in up and spin down states are drawn
separaﬁely to take into account a possible splitting. In all cases,
the ordinates represent the electron energy with fespect to the Fermi
energy énd the absciésae are the impﬁrity density of states. The area
under eaéh_sub—band corresponds to five electrons ?er atom. States are
filled up to the Fermi energy (shadowed areas).

Several considerations will allow us to select one. of the caseé as
the one that appears in the Ni-Pd alloy.

| The first one ié neutrality of the impurity. Tt is known that any

locaiiied_potential ié screened by conduétion:eiectfons within a very
shor£ length, smaller than the interatomic distance. Because of the
similgrities of the core potential of Ni and P4 (same valence), we can
Ee sure that screening electrons for Pd gb to 44 and 5s states. This
situation excludes immediately cases f, g, h and i in Fig. 13 because
no more than two 5s states are allowed, so that there should not be.more
than two holés in the 44 band. Cases g and i would have ten holes and
for cases f and h, the number of holes would be between five and ten.

NextAconsideratiQn is the splitting of the impurity levels because
of the ferromagnetic state Qf the Ni host. It is easy to understand it
in térms of a molecular field. Since there are exchange interactions

between the 3d band of Ni and the L4d impurity levels, we may assume
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thére is a.méiecular fie1d §¢ting on the laﬁter. Its value mugﬁ be of
the séme‘ofdér of magnitu&e'6fvthé'mélecular'fie1d asgigneé}to the 34 .
band of Ni.. We can'negléct caéés a,>d aﬁd'g because the 1e§els afé nét.
split thére;. | |

Thé results Qf ouf:méésu?emenfs o% the‘spin;lattice felaXétion fime
tell thaf-there is a sizégblé density of states of fhé impurity leyél at
the Fermi energy. Becaﬁse,of.this experimenﬁai-fact, We_eliminafe:case c.

The only remaining poSsibilities_are b and e.

Noﬁe that case b.is similar:to the 3-d ba@d-in nickel metal.  We are
going to study this case_ébmé”more ana‘get some consequencés that can be
coméared with;othef experimentg;'i |

It is~intefeéting'to estimate tﬁe.nuﬁber of holes in the hd¢:leVe1s.
Let us aséume that the aénSity éfiStates vs eﬁergﬁ‘Curve.has_a,pérabolic
shape-néap_the Fermi energy, or E 4‘[ﬁ(E)]2 whefe’E is the energy
measured from the intercept of the cﬁfve with the E axis, so thati

h
-E

-
(o]

h

N(O) = 0. The number of holes n, is given by:

F'N(E)dE ~,ES/?W 

n V[N(EF)]3;

We obtain a rough esfimate.ofvnh by assuming that the Ni 3@ band

has the same shape and using the known values of N(E_.) and n, for Ni.

¥
The latter comes from measurements of the saturation magnetiZation66 and
the g_-f_‘_actor55
(n') | v (£)13
n'Pd _ ' Pd F
(n ) '

hONE (N (E )13

F
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- Its value is_obtained from the calculated number of holes, n

-5]-

12

. . = X .
NNi(EF) ,1'7 10" states/erg atom

From Part B we dbtain:

. 12
NPd(EF) = 1.1x;o
(nh)Ni = 0.565 hbles/atom
- 1.1 \3
(ny)pq = °'5§5x(1.68)

i

0.16 holes/atom
In order to examine the posSibility of case e, let us estimate the
splitting of the 4d sub-bands of the impurity. We may assume in a first

approximation it is of the same order of the'splitting of the 34 sub-

bands of Ni. The latter is not known accurately. Connollyh8 found a

0.9 eV splitting in an APW calculation of the band structure. Zornberg53

obtaihed a smaller spliiting between 0.4 and 0.6 eV, from optical
spéctra data. Phillipssu tabulates the results of many authors, rénging
from 0.3 to 1.7 eV, and.finally estimates a spli££ing 6f 0.5 £ 0.1 eV
in coincidence with Zérnberg. | |

A 0.5 eV splitting would eliminate immediately case e of Fig. 13
because the density of states at the Fermi surface would be higher than
the Ni 34 density of states, Our measurements show just the opposite
reéulﬁ:- Ngg <,

On choosing model b, there are two important consequences: 1) a
density of states that agrées:with our measurementé of spin—laﬁticé
relaxation time and 2) a sﬁall magnetic moment localized at the impurity.
- 0.16

and the measured value of the orbital'contribution. Fischer, Herr and
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and Meye;r55 obtained for Pd g g-factor of 2.58 in Ni-Pd.alloys. vHence:
L. 2,58 ) _
Mpg = 5 X 0,16 uB = 0.21 .

v We have to emphasize.now thaf this result ié thé'consequence of a
: simble'model that assumeé equal shapevfpr ﬁhé hd'impurify levels and
the 3d Ni band. | |
D.-'DISCUSSION‘,
' Hefé we would like to compare the predictioﬁ of a moﬁent of 0.21 Mg
localizediat.ﬁhe Pd impurity (from our model) with tﬁe resuits‘of.other
experiments. - ‘  “ | -

1. The Hyperfine'Fieldjat the Pd Nucleus

‘Inbfer}omagnetic élloys the two dominanﬁ Qoniributiéns to fhe
hyperfiﬁe field aré:sé_contact interaction-bj-cdnducti§n electrons and-
contécf interaction by s—coré eieéfroﬁs._ Both are polariéedvby s-d
éxchange;' Thé‘core poiariZatibn is important if'fhéré is a localized
ioment ét”the impﬁrify site. Shirléy, Rosenﬁ;um and.Matthiasll
bcalculatéd a conductioﬁ elecfron coqtribution of =79 kOe for the Pd
impurity in Ni. Since the total hypérf&ne field is 419h kOe, there is
an additional ~115 kOe fieldfthat they_attributedvto s~core polafization.
| From,thafba_magngﬁic moment of 0,3 pé.at the1Pd.site was'obtained.
INOte:that calculations of hypeffine fieldé_Uée'the e#change_

56

polarized Hartree-Fock method,”” where the wavefunctions of opposite
spin direction are evaluated separately, The net spin density results
as a difference between'the.two'charge densities of opposite spins.

The difference turns out to be much smaller than each term, so that

there mdy be a large relative error. That is the reason why hyperfine

s

W
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field calculations cannot be considered very reliable and their
predictions of the Pd magnetic moment should not be taken more seriously
than ours,(based'on the measurement of the density of>states of the
impurity)f |

2. Measurement of the Magnetic Moment by Neutron Scattering

5T

Cable ‘and Chiid perforﬁed experiments of Brégg and diffuse
écétterihgvof polarized neutrons in four Ni-Pd.alloys. The Pd concen-
tration ranged from 25 to 92 at.%. The.résﬁlﬁs afe shown in Table II.
Cable and Child adopted the'aiffuse scattering values as more accurately
describing the situation. They predictéd from them that the Pd moment
would vanish for very dilute éildys (Ni-rich). Note that the experiment
cannot be done for very dilute alloys because the method is not
sensitive enoﬁgh. |

Céble and Child's conclusion on dilute alloys_does not agree with
- ours at first sight."We have attempted therefore a more careful
examination of their interpretatioh.

A very significant fact is that the Pd moments obtained from Bragg
scattéfiné are systematically bigger thén those ffom diffuse scattering.
. The difference is larger than the.eétimated error.in two cases. No
'explanation.is,given in the paper. We shali present here.the arguments
we draw against the diffuse‘écattering results.

In a polarized-neutron éxperiment, one measures the difference in

' do

cross sections, Aﬁﬁ (K) for neutron spins parallel and anti-parallel to

the magnetic moments of the alloy. It is given by the formula

5 &9

3 (K) = 4s(K) Abdp(K) | (35)

i I
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where K is the scattering vector and S(K) is the scattering function

giveh by
» R KR
R .
Here, ¢ is the Pd géncentration,,q(R)fs'are"the short-range order o .

_parameters_and R is aﬁneighbor lattice Vector.. In_fbrmula (35),‘Ab'is
the difference between thé Ni and Pd nuciéar scattering lengths and Ap
is propOrtionalito the difference of magnétic scatterings:

Bp(K) = 0:27A07 % iy, £ (K) = gy 254 (K)]

whefe.f(K)fs are the form factors. Hence,

sin KR

A-%% (K)_¥ &c(l—c)[l + é G(R) KR ].A5X0-27X10_12-[UNifNi(K)—uPdde(K)]'

Thé:shbft-rénge‘qrder péfamétefs o(R)'s and the magnetic moments
'wére‘déléﬁlatéd iﬁ é leaét—sdﬁaresbfit to thevexperimentél data of the
'crdés;séétion difference as function of the sCaﬁtering vector. Cable
and Chiid found that it was sufficient to'extend th¢ sgmmation in R to
the first two neighbors, and that;the calculated vaiués Qf o(R)'s were
very.sﬁall. So_ far, it;was éssumed thgtvthere were né local disturbances
 of~the=magnetic moment_of any atom by the presence of a neighbor of the-
other ﬁype; in other words,;éll Ni.atoms'had equal moments and the same
for ﬁhé Pd atoms. If this requiremgnt is dropped we get a factor of

the same form of S(K),SS

so that it is not possible to distinguish
between short-range order and neighbor magnetic disturbance or a

combination of both effects. At any rate, Cable and Child recognized

.
H
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that it was not possible to know accurately the a(R)'parameters due to

the small number of experimental data_poiﬁts and their huge statistical
. | _

fluctuations. Consequently, they decided to neglect them and use

S(K) = c(l-c). Both difference cross sections (with and without the

‘a(R) parameters) are plotted in Fig. 2 of Cable and Child's paper.

After studying this drawing, we tend to disagree with the choice of
o(R) = 0 as being more meaningful. This choice is very important when

calculating (uNi - uPd) from the extrapolatibn to K = 0 of the

difference cross section:

do

A Eﬁ.(o) = be(l-c) [1 + a(Ri) + a(R2)] AbXO.27X10_12x(uNi ).

- Mpg

Consider for instance the 25% Pd alloy. According to Fig. 2 of

Cable and Child's paper, the extrapolations to K = O are:

do - | i )
A o (0)'— 66 mbarns (for_a(Rl) = a(Rg) —.O)
A 22 (0) = 35 mbarns (for a(R ) = -0.08)
an barns p) = 70-08).
Taklng tﬁe first value ye get Au = Myi = Hpg = 0.74 Hp- Taking the

second value we get Au = 0.39 uB. In the first case, we get UPd = 0.

"In the second case, we get uPd =‘0.27 UB'

‘We believe that the number of data points should be increased and

the statistical fluctuations should be diminished before attempting to

calculate a reliable value for the P4 moment in the 25% alloy. Besides,

an extrapolation to dilute alloys should not be made unless many more

alloyé in the useful rénge are measured. So far, we think Cable and
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'Child’s experiment does ndtfdisqgrée significantly with out conclusion,
on’account‘of'their uncertainty. in the zero-scattering vector extrapola-

tion. A private communication with Dr. Cable, howévér, has failed to

X

bring us to an agreement on’thié point.

3. 'Mégggfizétion Cur&e-obei-Pd Alloys ._ A - ' ' -

Cfanéig and Scéft59 éna Fiscﬁér, Hefr; and Meyer55 megéured the |
average magnetic mément pef'atbm, Mé;, aé a fﬁﬁct?on of'conéegtratidn.
They found .that Mav.décreases ligéafiy with Pé concentration from 0 up
vﬁo.SO%‘Pd. iﬁ thié région Qf con¢entra§ion, the fpliowing relatioﬁ is

followed>very closely:b

Mav = (0.616 - 0.11 ¢) 1
whefe c is the Pd cdhCeﬁtratioﬁ; F6r c > O;S,nMavvdrdps‘faster ana‘
vanishéé'at about ¢ = 0.98. . |

. it was suggested that for'c_< O.S,Ithe Ni moment remains constant
(0.616u3) and each Pd atom pontributes.with-O;EOGUB} However, the Pd
contribution does not héed_tb bé.ldcglized a£ the Pd atom. It can be
sharéd by the neighbor Ni étoms, as proposed by Cable and Child.58
-Analogously, a positive or pegative moment disturbance on the impurity
néighboré has been found by neutron diffuse scaftering in other alloyé.60—62

Let us assume'the.Pdvimpurityvhas a O.21uB moment (as estimated

.here) and onlyvthe neareét'neighbors have a bigger moment, so-thatvthe "
totél Pd contribution is‘Q.SO6pB.1Thus the twelve nearest neighbors
have.an.gxtravmoment Qf (0.506 - 0.2l)uB = O;296uB and each one of them
has an extra moment éf 0.025uB, or a 0.6huB total mpment.. Fig. 1k

shows a cross section of the alloy lattice through a Pd atom, to

illustrate the model.
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We think the explanation of the enhanced Ni moment is.part of the
whole problem of the Pd states in Ni. Here we would like to mention a
similar situation: Stea.rns63 postulated tﬁat there is an anti-
ferromagnetic indirect interaction via s;conduction electrons, to
explaiﬁ the Mossbauer spectra'of alloys of iron with different
i impurities. If the same effect occurs in the Ni-Pd alloys, then the
reduced'moment on the P4 atom could well increase the moment on the Ni

neighbors.

‘“ . [hl
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V. SUMMARY AND CONCLUSIONS .
We detected the NMR and measured the spin-lattice relaxation time
61 105 61

of Ni™™ and P4 in a Ni-Pd alloy, 2 at.% conééntration. The Ni

relaxation time agrees.with a theoretical model in which the dominant
mechaniém of relaxaﬁéén'ié an interaction with 6rbital fluctuations of
d electrbns{__Assuming that_the same mechanism applies to the Pdlos,
relaxgtioﬁ, we derived the’value for the‘dénsity of states at the Fermi
-sqrface bf the L-d Pd levéié. From there we inferred there is a
magnetié moment at’the ?d impurity, and estimated its value to be 0.2luB.
The accﬁrécy of this result is limited by the assumption that the L4-4
.Pd 1eyéls.héve"a density of states curve of the same'shapé as that of
the 3~d.Ni levels; We adopted thiéAaséumption for lack of better data.
This fesult:aoés hot disagrée with experiments of diffuéé neutron
scattering and measureméh£s 6f the h&peffine field.

NéXt,'we pfopésed a-ﬁodél of magnetic momenf distribution around
the impuiity, made to agfee with bulk-mégnetization measurements. This
modei has only nearest neighbors perturbed ﬁith fespect to the pure host.
Iﬁ‘order:to.test‘this;modei, it would be interesting to get the

6

structure of the Ni lMNMB SPectrum'in the'alloy.' One would expect a

 satel1ite line, due to the differént eﬁvironment’of the Ni6l nearest
neighbérs to thede'impﬁrity. A similér-situation was found in a Co~Ni
alloy.by‘LaForce, Ravité, and Day,Gh and Riedi and Scurlock.6SWe can
estiﬁate the displacement of the satellite line from the calculations
of-hjﬁerfine fields by Shirley, Rosenblum, and Matthias.ll' Suppose

there is only a changé of the core polarization field produced by the

change of the magnetic moment. In Ni metal, the calculated core

[
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polarization field is -50 kG. Hence, in the nearest neighbors to

the P4 impurity, we would have a change in the hyperfine f;eld thS:

MM, . = -50%0.028/0.616 =—2.28 kG.

That means an increase of frequénéy of 0.86 Mﬁz, which can be
easily detecfed.

Our»wbrk is part of d wide-range projecﬁ ofjstudy of different
impurities in Ni. The first case was a EirCu alloy, studied by
Bancroft,ZO-who found that there was no magnetic moment at the Cu site.
The Cu impurity has very similar electron levels.to Ni and‘differs only
in one unit of valence. In our case, Pd has the same valeﬂcé as Ni,
but differs only in atomic size. We can see that Cu aﬁd Pd are two
extremé.céses,-and that other impurities in Ni would have similar
behaviOfs, approaching one of the two cases something intermediate. 1In

particular, we are planning to work in first place with the following

alloys: Ni-Pt, Ni-Ir, and Ni-Rh.
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APPENDIX

Here we give a listlng ‘of the computef prograﬁs They are
written in Fortran II language and were used 1n an IBM 1620 computer
with.disc storage. |

The programs are self-explanatory, ve shall .add now a few remarks.

The calibration table in subroutlne REDUCh was obtained as the
output of the receiver system when the input was varied in steps of
1 dB. There was a precision attenuetor connected between the sigﬁal
generatof and the receiver input.

Progfaﬁ EFEX2 calcﬁlates the parameters MO, B, and T in a

1

least-squares fit. The equation is:
M(t) = Mo[l-*B exp(-t/T,)].

If M ‘were known, it would be very simple to get B and T, by taklng

‘ 1
’ logarltth'

fn-[1 M()/M ] = &n B -t/T)
which is a linear relationship. This is done in subroutine RQZ. After

sqlving.for B and Tl, we get a transcendental equation for Mo' It is

solved in program EFEX2 by the regulsas falsi method.



(END LISTING)
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CCCC  PROGRAMS EFEX PLUS EFEX2 READ DATA AND MAKE A LEAST SQUARES
CCCC  CALCULATION OF Tl, MO AND BETAy IN M(T) = MO(1-BETAXEXP(=~T/T1)
CCCC  DATA. POINTS ARE T AND M(T)
" DIMENSION TITLE(BO},TIME(20),COUNT(20),VOLTS{20), EMM(20)
COMMON SCALE+s ENE3,ENE4, ENEZ, EMO, EMOO, NN, MM
COMMON TITLE, TIME, COUNT, VOLTS, EMM,TEMP, FMAG, NATEN *
PRINT 99 .
99 ‘FIRMAT (1H1s5Xy12HPROGRAM EFEX ) }
CCCC . READ 4 CARDS 0OF ALPHANUMERIC DATA (HEADING)
R READ 1004+ -TITLE .
T100 FORMAT (20A4) . i *»
PRINT. 101, TITLE
101 FORMAT (IH +20A4) i
CCCC  TEMP IS ABSOLUTE TEMPERATURE IN *K) FMAG IS MAGNETIC FIELD IN -
CCCC  GAUSS. NATEN IS SETTING OF ATTENUATOR IN DB.
READ 102y TEMP, FMAG, NATEN
102 FURMAT (2F10.,0,12)
PRINT 130y . TEMP, ' FMAG, NATEN Cot
130 FORMAT (L1H »///10X 6HTEMP =,F7,2,3H *K.IOX.IBHMAGN. FIELD =4F7.046
. 1H GAUSSy 15Xy 9HATTEN. = ,1243H DB /) .
CCCC  MEASUREMENT REPEATED ENE2 TIMES. FOR CALIBRATION, A 100 KHZ SIGNAL .
CCCC  GIVES ENE3 COUNTS AFTER ENE4 MEASUREMENTS
CCCC  SCALE .OF v. TO.F. CONVERTER) FULL SCALE OQUTPUT IS 100 KHZ.
READ 104, SCALE, ENE3, ENE4, ENE2, EMO
104 FORMAT (5F10.0)" )
F-= SCALESENE4/(ENE2#ENE3)
CEMO0. = F#EMO - . - .
PRINT 105, SCALE, ENE3, ENE4
105 FORMAT (1H 3///10XyTHSCALE =yF5.1,17H V. CALIBRATION,,F7.0,13H CO
LUNTS AFTERy F6,0y SHTIMES /)
] PRINT. 106, ENE2, EMO .
106 FORMAT (IH ,5X,20HMEASUREMENT REPEATED sF7.05SHTIMES, 15X, 4HMO 2,
LY UF9.0//)
CCCC .SUBROUTINE REDUC4 CORREGTS FOR' LACK OF LINEARITY OF THE SYSTEM,
CALL REDUC4 (EM00,4C)
c
DO 1 NN=1,20
READ 108, TIME(NN)vCDUNT(NN)
108 FORMAT (2F10,0)
IF (TIME(NN)) 1,70,1
1. CONTINUE )

70 CONTINUE

c
DO 62 MM=NN,20

CCCC  TIME(NN) AND COUNT(NN) ARE THE DATA POINTS.: TWO BLANK CARDS AT THE END.
CCCC  ENDs IF THERE IS A BLANK CARD BETWEEN DATA CARDSy THEN ALL THE
CCCC™ CARDS AFTER THE BLANK CARD ARE READ-AND PRINTED, BUT NOT USED
CCCC  FOR THE COMPUTATION(

"READ 108, TIME{MM) yCOUNT(MM)

IF (TIME(MM)) 62,72,62
62 CONTINUE

72 CONTINUE
MM. MM=-1 -
NN NN=1
EN NN

DO 61 J=1ysMM’
VOLTS{J) = FGCDUNT())
CALL REDUC4 (VOLTS(J),EMM(J))
EMM(J) = EMM(J)/C
61 CONTINUF

CALL LINK. (EFEXZ)
END
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CCCC  PROGRAM EFEX2. .CONTINUATION OF EFEX.
DIMENSION TITLE(80),TIME(20),COUNT(20},VOLTS(20), EMM(20)
DIMENSION Y(20), ZETA(8), X(8) v
COMMON SCALE, ENE3,ENEGs ENE2, EMO, EMOO, NN, MM
COMMON TITLE, TIME, COUNT, VOLTS, EMM,TEMP, FMAG, NATEN
PRINT 115

115 FORMAT (1H ,20X,15HTABULATION OF Z /)
PRINT 118
118 FORMAT(LH y20Xy2HMOs 15X IHR 115X s 1HOs 15X s LNZy 9Ky OHSTD. DEV. /)
START = 1.2
DELTA = .01
CCCC SENSE SWITCH 3 ON ALLOWS TO CHANGE START AND DELTA.
IF (SENSE SWITCH 3) 36,400 "
36 CONTINUE
ACCEPT 98, START, DELTA
98 FORMAT 20)
400 CONTI NU
EMO0 = START.

1
CCCC  SUBROUTINE RAZ CALCULATES PARAMETERS, RR @ 1/Tl, Q0 = LOGE(BETA)
CCCC  IN A LEAST SQUARES FIT( FOR A GIVEN VALUE OF MO
CALL RQZ. (TlME,EMM,NN;EMOO'Y'RRoonlZySS)
ZETALL) = 11
X{(1) = EMOO

DO 33 1=1,40
Al = 1
. EMOO = START DELTA=AL .
CALL ROZ (TIME'EMM.NN,FMOO,Y,RR:QQ,ZZ,SS)
PRINT 119, I, EMQO, RRy QQy ZZy SS
TF (L=7) 41,41,33
41 CONTINUE
1F (2Z#ZETA(L)) 384384935
38 CONTINUE.
X{L+1) = EMOO
ZETA(L+1) = 72
L = L+2
IF . (L-7) 35,35,33
35 CONTINUE
X{L) = EMOO
ZETALL) = 12
33 CONTINUE

CCCC LL GIVES THE CHOICE OF ONE MINIMUM OF SS)
ACCEPT 777, LL
777 FORMAT (11}
©LL = 2=LL-1 :
CCCC  SOLVE EQUATION Z(MD) ? 0. BY REGULA FALSI METHOD.
PRINY 117 .. )
117 FORMAT (lH-4///1H 4 30HSOLUTION OF EQUATION Z{(MO)} = O /)

PRINT 116y LLoX{LL)yZETALLL }oX{LL+L)},ZETALLLH])
116 FORMAT (1M 410X,13,2(6XF7.443X,E12.5) / )
. PRINT 118

DU 37 I1=1,500.
TEMP2 = (X(LL+1)eZETA(LL)=X(LL)*ZETA(LL+1))/(ZETA(LL)-ZETALLL+]))
IF {(ABSF{1.,-(TEMP2/TEMP3))-1.E~7) 8B7,22,22
22 CONTINUE
CCCC ' IF CONVERGENCE Is TOU SLOW, TURN SENSE SWITCH 3 ON AND START
CCCC  AGAIN WITH NEW TABULATION
IF (SENSE SWITCH 3} 36,23




444 (END LISTING)
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-23 CONTINUE
TEMP3 = TEMP2-
- CALL RQZ (TIME,EMM;NN, TEMP2y Y RR,0Q4ZZ4SS)
PRINT. 119y TI1,TEMP2,RR+0Q4ZZ+SS
119 FORMAT (1H ,10X,13,4X,F10, 714 (4X3E12.5)) .
IF (ZZ#ZETA(LL)) 19,19,21 »
19 CONTINUE :
ZETA(LL+]) = ZZ
SX{LL+k) = TEMP2

60 70 37 . | o . )
21 ZETA(LL) = 22 ¥
X{LL) = TEMP2 .

37 CONTINUE

87 CONTINUE
X(LL} = . TEMP2
X{LL+1) = S5

ZETA(LL) = =1.7RR
ZETA{LL¥1) = EXPF (QO)
PRINT 120

120 FORMAT (1H o / )
PRINT 99

‘99 FORMAT (1H1,5X;12HPROGRAM EFEX )
PRINT- 1015 TITLE
101 FORMAT (1H ,20A4)
PRINT 130, TEMP,FMAG,NATEN
130 FORMAT (1H 4///10X,6HTEMP =,F7.2,3H #K,10X, 13HMAGN. FIELD =4F7.0,6
1H GAUSS, 15X, QHATTEN. = 312434 DB /)
PRINT 105, .SCALE, ENE3, ENE4
105 FORMAT (1H ,///10XsTHSCALE =yF5.1,17H V. CALIBRATION;,F7.0,13H €0
IUNTS AFTERy. F6.0, SHTIMES /)
PRINT 106, ENE2, EMO
106 FORMAT (1H .SX'ZOHMEASUREMENT REPEATED s F7.0,5HTIMES, 15X, 4HMO "=,
1 F9.0//)
TUPRINT 109, ZETA(LL) $ZETALLLAL) X (LL )X (LL*1} , :
109 FURMAT (1H ,4HT1 =,F10.3,10X,6HBETA =,F7.4y 10X, 4HMO =,F8.5, 10X, 16H
187D, DEVIATION = ,Ell.4 .7 ) s
PRINT 107
107 FORMAT(1H . .//4X.4HTIME,AX,bHCDUNTSySX'SHVULTS,7X 4HMIT), 14X,
L THL.=M/MO 45X, SHTHEG. /)

DO 301 J=1,NN

RESEXP = 1.—EMM(J)/X(LL)

RESTHE = ZETA{LL+1)#EXPF(~TIME(J)/ZETA(LL))

PRINT 208y TIME(J)yCOUNT(J)yVOLTS(J)yEMM{U)yRESEXP,RESTHE
208 FORMAT (1H yFB8.1,F9.0,2F11e541Xs 10X FB.5+4X4FBS )
301 CONTINUE

PRINT 120
NN = NN+1

DO 305 J=NN,MM

RESEXP = 1.-=EMM(J)/X(LL)

RESTHE = ZETA(LL+1)#EXPF{~TIME(J)/ZETALLL))

PRINT 208, TIME(J),COUNT (), VOLTS(J) s EMM{J) sRESEXP yRESTHE |
305 CONTINUE

END
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CCCC  SUBRNUTINE REPUCH GIVES THE CORRECTED VALUE OF THE SIGNAL. 2T INTFR=~
CCCC POLATES LINEARLY THE LNGARITHM OF THE SIGNAL.
CCCC TABLE Y(I) IS CALIBRATION OF SYSTEM
SUBRNDUTINE REDUC4 (YYY, XXX)
: DIMENSION Y{20)
CCCC Y(I) ARE NUMBER OF COUNTS AFTER EN2 MEASUREMENS

Y(1) = 4400.
Y{(2) = 3860,
Y{3) . = 3411,
_Y(4) = 3028.
Y(5) = 2690.
_Y(6) = 2409.
Y(7) = 2138.
Y{8) = 1881,
Y{9) = 1659,
. Y(10) = 1445,
Y(11) = 1260.
¥Y{12) = 1105,
Y{13) = 975,
Y{ls4) = 860,
Y(15) = 760,
. Y(16) = 664,
Y{17) = 580,
Y{18) = 505.
Y{19) =  438.
Y(20) = 3175,
EN2 = 100.

CCCC  FOR- CALIBRATION, A 100 KHZ SIGNAL GIVES EN3 COUNTS AFTER EN& TIMES
EN3 = 99884, : '
CCCC 'SCALE IS 10 V
EN4 = 1000.
FF = 10.#EN4/(EN2#EN3)

C
e e . .. DO 69 4 = 1420
Y(J) = FFeY(J)
L ) ... 69 CONTINUE_ .
C
o VV = LOGF (YYY)
[
e e e DO 70 1 = 1920
IF (YYY=Y{I)) 70,71,71
. ... 10 CONTINUE '
C .
. 1 = 20
71 Pl = I-1
VI = LOGF (Y(I))

VIM = LOGF (Y(I=1))

U = (VIM#PI ~ VI=(PI-1.) = VV}* 0.05/(VI=VIM)
XXX = Y(L)#EXPF (2.302585%1)) .

RETURN

END
#*#¥x (END_LISTING)




++3% (END LISTING)
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CCCC  SUBROUTINE ROZ CALCULATES PARAMETERS, RR @ 1/Tl, QO =

LOGE(
CCCC  IN A LFAST SQUARES FIT( FOR A GIVEN VALUE OF MO .

SUBRQUTINE ROZ (ToEMIN,EMO4Y 4RyQ4Z4S)
_DIMENSION T{(20), EM(20),
0.

DIMEN Y{20)
SMYT = .

N0 60 J =
A= 1.

RN} ABSF(A)
Y(J) = LOGF (Y(J))
SMYT = SMYT + (T(J)#Y(J))
SMY = SMY + Y{J)
SMT = SMT '+ T(J)

S MTSQ = SMTSQ + T(J)=T(J)

SMYSO = SMYSQ ¥ Y(u)Y=v ()
SMYM = SMYM.+ Y(J)/A
SMTM = SMTM + T(J)/A

S SMM = SMM + 1./A

60 CONTINUE

14N
EM(J)/EMO

|
|
|

EN#SMTSQ — SMT=SMT

_(EN#SMYT-SMY=SMT) /A
(SMY#SMTSQ-SMT#SMYT)/A
SMYM = R&SMTM ~ QsSMM
SMYSQ = ReSMYT = QuSMY

_SORTF (A/EN)

%] D,chp
E" uotog o

4
i
)
|
1

mx
&5
[
red
-4



ccce
ccce

‘99
98
cccce

100

-

PROGRAM HF CALCULATES THE AVERAGE OF 1/R*%3 BY NUMERICAL
INTEGRATION. WAVE FUNCTIONS TAKEN FROM HERMAN AND SKILLMAN'S TABLES.
DIMENSION TITLE(20)
DIMENSION P(11), X(11}
PRINT 99
FORMAT (1H1, 8BHCALCULATON OF THE AVERAGE, ((1/R%*%3)), BY NUMERIC
1AL INTEGRATION, USING SIMPSON RULE, )
PRINT 98
FORMAT (1H ,55HFOR AN ORBITAL TAKEN FROM HERMAN AND SKILLMAN'S TABLES
1LES | /7 )
READ ONE CARD WITH ALPHANUMERTIC DATA (HEADING)
READ 100, TITLE ’
FORMAT (20A4)
PRINT 101, TITLE
FORMAT (1H 42044 ///)
_AREAl = O,
AREAZ =0, o
7 = NZ = ATOMIC NUMBER
READ 224NZ .
FORMAT (13)
7 = NZ
P(I) IS THE VALUE FROM_THE WAVE FUNCTION TABLE FOR POINT X(I))
THEY ARE READ IN GROUPS OF 11. THE FIRST PINT IN A GROUP. IS THE -
REPETITION OF THE LAST POINT OF THE PREVIOUS GROUP.

DO 1 K=1,20

READ 2, X(1), DELX

FORMAT (2F10.0) i
A BLANK CARD IS.USED TO STOP READING DATA CARDS.

IF (DELX) 748,7 .
CONTINUE

READ. 13, P o :
FORMAT (11F7.4)

ccece

CX(1) ¥ TROELX
et

PRINT 34 X o
FORMAT (IH ,11(F6.2,4X))
PRINT 4, P .
FORMAT (1H .'IX, 11(F7.4.3X))

DO 5 J=1,11
P(J) = P(J)eP(J)
CONTINUE

SUBROUTINE SUPER INTEGRATES BY SIMPSDN S RULE
CALL SUPER(AR,P,DELX])

AREAL = AREAL + AR
DO 6 J=1s11

PIJ) = P(J)/IX(JIEX(J)eX (J))
CONTINUE

CALL SUPER {AR,P,DELX)
AREA2 = AREA2 + AR

9.

PRINT 9y AREAl, AREAZ
FORMAT. (1H 410X, 1THSUM (P#%23DELX) = 4E1245, 10X, 22HSUM (P#%2%DELX
1/X#%3) = 1E12.5 /) :



++4+ (END LISTING)

+++3+ (END FXSTING)
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CONTINUE

CONTINUE .
XMU = 488534138 (Znx(=1./3.))

"PRINT 32

FORMAT (1H 4 // )
PRINT 30, XMU
FORMAT (LH 410X,4HMU = , E12.6 / )

AREA1 CHECKS NORMALIZATION OF THE WAVEFUNCTION.

AREAL = AREAl®XMU
AREAZ TS MEASURED IN ATOMIC UNITS.

AREA2. = AREA2/(XMUsXMU) .

AREA3 1S MEASURED IN CM-3 -
AREA3 = AREA2#1,E24/(.529173%%3,)
PRINT 31, AREALl, AREA2, AREA3

FORMAT {1H 510X, 14HNORMALIZATION, F7.4y15X,2LHAVERAGE, ((1/R#*%3)
) = F9.4, 15X, EL12.5,5H CM=3.) :

END

SUBROUTINE SUPER INTEGRATES BY SIMPSON’S RULE
SUBROUTINE SUPER (A,Y,DX)

DIMENSION Y{11)

EVEN = 0.

‘0DD = 0.

’1
c
8
32
.30
ccee
ccee”
ccce
N
i
ccee
c
15
c
16
c

DO 15 J=2,10,2
EVEN = EVEN + Y(J)
CONTINUE :

DO 16 J=3,9,2.
oDD = 00D + Y(J) .
CONTINUE ’

A = (Y{1)+4.=EVEN+2.20DD+Y(11))%DX/3,
RETURN .
ENUD
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Table I.

=73~

Values of _thé coefficient A( |.n_11| , |m2| s |m3|-) in the integral:

Y. Y. Y aQ = § Alm |5 [m, |5 [m,])
f 2,ml 2,m2 2,m3 ml ,m2+m3 1 o2 3
my m,, mg A(Iml',]m2|,|m3|)
15
0 0 0 7J; _
1 1 0 f,jé
-" - [3
2 2., 0 N7
13,2
. | iBE




Table II. Cable and Child's results,”' magnetic moments at 0°K‘of”

" Ni-Pd alloys obtained by Bragg scattering and diffuse scattering of

polarized neutrons.

~The

o7

at.% Pa

25 -
50
n
92

HNi Hpa.

Bragg F;»' .Difque. Brﬁgg : Diffuse
0.84 + 0.02 0.81 % 0.01 0.15 + 0.11 - | 0.00 * 0.03
0.94 + 0.04 1.02 + 0.01 0.25 + 0.06 0.17 *+ 0.01
1.09 *+ 0.08 1.13 + 0.05 0.22 + 0.06 | 0.20 + 0.02
1.06 + 0.12 .'1.28 i'o.os .0.14 £ 0.02. } 0.07 £ 0.01




~75-

FIGURE CAPTIONS
Fig{ 1. Slater-Pauling diagram. Average magnetic moments per atom as-a

~function of the electronvéonceﬁtration, for transition metal

ﬁinary allojs. From Kittel, Introduction to Solid State Ph1§ics,
3rd edition.‘ |
Fig. 2. Block diagram'of tﬁe apparatus.
Fig. 3. Diagfam of the reéeiver.
Fig. 4. Diagram of the connéction of theVSample coil.
Fig. 5. ‘Diagrém of'the tuning'bperatién.
Fig. 6. >Simplified schemevof the boxcar integrator.
Fig. 7. Simplified scheme of the digital integrator.
Fig. 8. Pulse sequence fof fhe ﬁransmitter and thelaVeréger.
.Fig. 9. Resonant frequency vs external magnetic field.
| .o For Ni6l in Ni sponge, abéording to Béncroftgo (left scale)
B for Pd106 in §i;Pd; our measurements (right scale).
: Sfraight line is £hé'theoreticél fesponée of single-domain
sphericai particles with a 2.3 kG demagnefizing field;
Figﬁ 10. Non-exponential recovery of the magnetization_due to incomplete
" saturation. | ‘,
Fig. 11. Spin-lattice-rélaxation in Ni metal, Annéaled Sﬁmple;
Fig. 12. Spin—lattige‘felaxatiﬁn in different situatiéns} Ni métalv
| samples. | |
(a) long-éomb, produces heating of the sample;
(v) .non—anhealed:ngble;"

(c) - same as in Fig, 11, but at different scale.
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Fig. 13. DenSity of:stgtéé-vsiénergy for the impufity levels. Spin up

‘and spin down.are separéted;v Nine differeht_pOSSibilities are

“considered,

Fig. 1&; Magnetic moméntfih_Bohr magnéﬁén ﬁnits~around-a-Pd,atomﬁin a

dilute Ni-Pd alloy, 2 at.% concentration.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "'person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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