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Nucleaf Relaxation in a Dilute Ei}Pd Mloy
’Boris_Chornik* |
Depertment of Physics, University of California
Inmrganic MateriaiZdResearch Division,

Lawrence Radiation Laboratory,
Berkeley, California 94720

ABSTRACT

Nuclear spin-lattice relaxation of Ni6l and Pa°? has

been measured at liquid helium temperatures in‘Ni metal and

in a EifPa 2 at.% alloy. An external ﬁaéneﬁic field of 6_kG
‘was applied to saturate theISample,reiiminating the domain.
walls, éo that relaxation through domain wall motion -was not
- present. The relaxation'timee ath.26K:were:_ O.QS eec qu

5% and 0.58 sec for pal®’

. ThevNi relexa#ion time agfeee
well with a theoretical.modei based onvintefactionsvef the
ﬁuclear moments with ofbifal fluetgatiens of d—elecﬁroes.
This modei and the Pd relaxetioﬁ tiﬁe wefe.used to'ealculete.b'
& density of states at the Fermi level'of’h—d”electrons.on

the Pd impurity. Its value turns out to be 1.0 x ]‘.0-12 sﬁates
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(eré étom)?l;f Frbm'this value we estimated the magnetic

I

-, moment lbcalized at the Pd atom.tovbéao.lh Hye From bulk

J'magﬁetizatidn data ﬁeicbncludé‘théh7that the-Ni.neighbors

nearést to the Pd impurity have an extra moment'df 0.031 uﬁ.

Vg A
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i."INTRODUCTION
Neutron scattering is considered the most dlrect tool to obtaln- _
mlcroscoplc 1nformatlon about the 1mpur1ty magnetlc state in a,lloys.l_7
However, it may not yleld observable results 1n cases of very dllute
alloys and one has to get more 1nd1rect data from other methods, e gy
the measurement of the hyperflne field at both the 1mpur1ty and host
nuclei (by NMR, Mossbauer effect,:nuclear specific heet, etc_).8
However, the interpretation of the results is nsnaliy difficuit end |
somewhat ambiguous duevto*the'presence of several contributions to the
hjperfine field with opposite signs, that almost'cancei. Measurement of_'
: the_nuclear spin-lattice relakation time is free fromrthis-diSadrantage;
In fact, the relaxation interactions are basically the Same'thathproduce
the‘hyterfineifield, but the relaration mechanisms are edditive5: The_ |
..most importent_arer thefweiieknown contact interaction with-s—conduction
electrons calculated by Korringegg magnetlc dlpolar and orbltal interaction
with non s-electrons, discédvered by ObatalQ and core polarlzation,

.aceordingytd Yafet-anvaaccarino.ll Moriya12 performed a.calculatlon

of the nuclear spin-lattice relaxation time in the three ferromagnetic

transition metals Fe, Ni; and Co. He founa that orhital interaction.iSu
dominant (by at least one order of magnltude) and that agreement w1th
experlmental results 13 ;h was reasonable _ In these cases, and 1n 31milar
systems, 1nterpretatlon of the results is very 51mple, since only one
mechanism‘ls'dominant From the experlmental result one can obtaln the
density of states of the 1mpur1ty d—electrons at the Ferml.energy,
therefore prov1d1ng useful lnformatlon about the 1mpur1ty state.' Such-."f-

15

a study was made by Bancroft™” in dilute Ni-Cu alloys. He found a
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negligible density of states of bu 3;d electrone at the Fermi energy
and thus he inferred thatvthe Cu imperity did not have a magnetic
moment . | | |
The present paper is>a report of a nuelear spin-latfice relaxation

105

measurement of both the Ni6l and the Pd nuclei in a Ni-Pd alloy,

2 at.% eoncentraﬁion. The relaxation timee were obtained by ﬁonitoring
the recovery of fhe longitudinal nuclear magnetization afteresatu;ating
the‘nuclear Zeeman leyels.with se?eral rf bursts at the Larmor frequency.
The spin-echo techniquel6 was employed.‘ The longitudinal nuclear
magnetization is proportional to the signal that appears at a time t.
after two rf pulses separated by a fixed time t. Ah exferhal magnetic
field ofv6 kG was applied to elimiﬁate the domain walls in the sample.
This is the best way to evoid relaxation fhrough domain well motion,15
which would mask the intrinsic simple mechanisms of relaxation mentioned
earlier.

An_accounf of the experiment and results is given in Part II.
The interpfetation is developed in Pert IIT, where it is found.that
the agreement between the experimental and theoretibal relaxation
times for Ni6l is even better than tﬁe firet repeftl2 because of tﬁe
absence Qf domain walls. Ne#t, the same felaxation'ﬁedeiuie employea
Ito aeriﬁe.the Pa densitj of states'at the:Fermi enefgy; frém the |
_ experimental velue of the.Pd relaxetiOn'time.' Finaily,>a,sim§le
model gibeS'the number of helesAof the Lay ?dvlevele;  Ffom-there,'.
a magnetic: moment of O.lﬁ'uB is found:et”the Pd eite;vf -

Our result éerves‘to'eomﬁlement a recent neutroniscatteriné ”

'experiment made by Ceble and_'Child7 in more concentrated Ni-Pd,ailoys.,r
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% Both results.givé microscopiclinforﬁation on the magnetic distribﬁtion.
lThen it is straightforwérd to coupie fhese resulté with tﬁeIMacroécdpic
information proﬁided'Byiséturation magﬁetization measurementsl7’18'in
order to get an overall picture of the allcy ﬁaghetic properties.
IT. EXPERIMENT | |
A.' Apparaﬁué |
"A’block‘diagram of the apparatus is shown in Fig. 1. It is

basically thévsame as used by Bancroft,_l5

but thé averaging procedure

is moré elaborate. Sincerthe saturation method réquires the'measuréA
ment of the differeﬁce between the equilibriumlvaiﬁe and the signal
after a-partfal recovefy, a géod,signal-to—noisé ratio is-negessary.to -
~obtain acceptablé results. The averager servedfthe purpose .of enhancing
the signal—to-noise ratio by repeating each measurémenfvmany times |
ahd integrating. Itkwas desigﬂed as described by Samueison énd
Aiiion19 but the‘measufements weré stored and adcﬁﬁuiated in a ﬁuiti-
channel gnalyzef instead»of a.single counter. Usuallynwe.measured
about fiftgen points of the' recovery curve ; each‘measﬁrement was
_ stored iﬂ é separate channe1 of.the muitichannel'aﬁalyzer (Workiné'ih
the multiscalerimdde). The controlrunit changed the addfésé'and thé
recoVery.time athmatically, for each ney-meaéureméﬁt.’”After the 15th
cﬁannél,.the system went back ﬁb‘the first channel and stgrted again,
‘adding the new measurements.to whatever was-$tofed before. " This con-
figufaﬁion-éliminates fhe effecf of 'a slow drift.of:the'amplifier,gaiﬂ;

" because itris.shared e&énly by.ali the-gvéragedvmegsurements; ‘The acéuracy-
. improvement:is reﬁarkable in éxperiﬁéntsvthét-take sévera; hours»(gs

in our case) in comparison with the performance of a single-channel

-
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,averager;

The transmitter in Fig. l'providedvthe necessary rf pulses fer
saturating'the nuclear Zeeman levels and for mohitbring‘the recovefy
to the equilibrium nuclear megnetization. It was a puised oscillator,
Arenberg type PG—650. T

The receiver consisted of a wide—band-amplifier followed by a
diode detector. The amélifier provided several volts of rf output in

"order to avoid the non-linearity of simple diode‘detectoricircuits for
signals of abouﬁ 0.5 Vor less. A.small nop—liheerity remained,
"however. We cbrfeéted it during the final stage of dafa proceesing,
with An additienal subroutine in the'computef progrem. " Our design is -
not ver& common. ﬁbwever, we found it was easier to implement than -
~ the usual phase-detectof“(which is linear): In a phase4coﬁefent system,
the transmitter must be a gated amplifier driven by a.cw oscillator.
vThernecessary changes'in our transmitter would nof ﬁave‘beenbetraighf—
for&ard. | | | |

B. Sample Prepafetibn'.

v Samples of non-annealed nickel wereA51mply obtalned from N1 sponge
of 99. 9997 purlty, supplled by Johnson—Matthey._ The metal powder-was
mlxed with N~grease for electrlcal 1nsulat10n ~thus av01d1ng the effect'f
of skin: depth _ The N-grease also 1mproved the thermal‘contact between
‘the metal partlcles and the helium bath. ” |

‘The experlment wlth annealed nlckel weevmade‘wifﬂ the seme Nif
sbonge after a heat treatmenilat 6006¢}for'two'heursy It was performed
:ie an»Abar‘resietence furneee.with‘high vecuuh.facilities; The residuai

'pressure was kept under H x 10_6 torr.: Alumina powder was added to
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gavoid sintering of_thé.nickel paiticiés.'
| The Ni4Pd,alioy was'prepared byvmeltihg Ni and Pd spohge in an
alumina crueible in the same:furnéce, There was a reducing atmosphere‘
of hydrogen at the_beginniﬁg to gliminaté surface oxidation and fgcili—
tate the_melting ﬁrocesé, Aétually the gas was a mixture of h% H2 and :
96%iHé. Later, théAgas Vas_Subéﬁitutédvby-Pure Hg.. In thié way we
: pfevented Hé from’being disSolved‘in the liquid meltiand reiéased upon ’
solidification, thereby producing bubbles. | |

The alloy was kept at 20°C below the meltimg point'for‘éh hours
in ofder ﬁo hbmogenize it._ Later,fthevdegree of hdmogeneity was testea
with an electron beam miégoproﬁe. -The électrdn beam'digmeter vas
‘abouﬁ 1 ﬂ. The instrument could detect'variationé ofréompositidn of
the_ordefvof 1% or larger. _it'was found in ourvsample that the lbc#l
fluctuations of compbéitién»Veré below the limit‘Qf Sensitivity of the
ihstrumenf. | |

The alldy was ground agéinst.a rdtatiné disc éovered’with abrésive.
alumina paper #120.- Later; theva}léy particies ﬁefe easily'éeparated-
from the alumina‘pértiCIes:with the help of a magnet. -

: The-last’step Qas.annéaling for fwo hou£s'at 600°C in & high ~

vécuum to eliminate the strains prodﬁced by thé'cold wbrk; |

C. Experimental Results

105

1. Observation of ﬁMR in 3% ana pa
Tﬁexspin echo fechnique Wés used. The'sample‘tehpefatﬁré was

4. 2%K. Without anvextefnalumagnétié %ieid.wevgot é'fesonancg'ffeqﬁehcy

of 28.46 MHz for Ni°L, both in pure Ni and in the Ni-Pa alloy, in

- agreement with earlier measurémentseo'that used a marginal oscillator
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as & cw detector of NMR.

We reproduced the results of Aubrun and kho12! and Bancroft®>
when an external magnetic field was applied. ‘The resohence'freqUency
shifted down, and for external fiel@s higher than about 4.5 kG, the |
variation was iinear; Thisishowsbthat thevhyperfine field‘at the ﬁi§1
nucleus is negative andbthat the particies become megnetically saturated -
for external fields higher than h 5 kG. |

The argument is reinforced by the fact that the 1nten81ty of. the
echo Went down as the,magnetlc_fleld was increased. This shews that
the domain walis disappeared, beceuse the'enhancement factor?? was
much bigger in the walls than in the bulk domain.

We obtainedAadditional.evidence of the change of enhancement
factors when going from the zero external'field situetion to that wiph
an exfernal applied field. 'We observed the shape of the echo‘as a
 function of the amplitude and ﬁidth of .the rf pﬁisesr if the tursing
‘ anéles were very high (much bigger than ﬂ/2);.the sigpal appearedras
described bvaims.23 For instance, ifAthe'two rf pﬁlses hed'the same
>w1dth the echo was symmetrlcal with a dlp in the center If fhe rfv
amplltude was reduced, so that the turnlng angle became of the order V
of m/2, the echo would have a maxlmum in the center (as commonly happens).

ThlS center was dlsplaced w1th respect to the prev1ous case: ;t occurred
‘at a tlme t. /2 later Where t ‘was’ the rf pulse w1dth These changes -
were not seen when an external magnetlc fleld was applled Ve ebserVed -
only the‘last case (even with the hlghest pes51ble rf-f;eld), sﬁowing_ﬁ.
that the-turnipg\angle wes‘of the_erder'of 7/2 and that the.enhancemenf p

"factor was smell.
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Since‘the nudlei do not experience a'demagnetimingpfield_in the
center of a wall, the value of the resonance frequencyvat‘zero applied ,
field gives directly'the hyperfinebfieldy In ‘the easé of ﬁi6;; 1t
turns out to bec-75 kOe; as calculatediby Streever,and'ﬁennetzo and
using thevENDORbmeasurement of the_Ni6l nuclear‘magnetic'moment.2 _

. The Pd4resonance in the Ni-Pd'alloy.was found'at 33 79”MHz (without
fan external magnetic field) Thls result agrees Wlth the calculated

_hyperflne fleld of 194 kOe reported by Kontani and Itoh 25

and vobtainedjd
- in a spin echo experlment at h 2°K.. We found that the 81gn of the |
" hyperfine field 1s negative -as 1n Ni, because the resonance frequencj
shifted down when an external magnetic fleld was applied. |

It was found that,after repeatlng the experiment several times, ,.
'_the 51gnal decreased until it was_completely»burled-rn noise. This_'
effect has not beenlreported beforeQ we.believe itT?QS caused'by:an ,
increase_of¢the line width beYOnd the receiver_bandwidth'(about:l.Mmz)i
iThis.could be produced by a slight oxidation’of the:sample with latticé'
distortions that would broaden the NMR line through electric quadrupole
effects (note that N16 has a 3/2 nuclear spin and Pdlos has a 5/2

26

blnuclear spin; the electric quadrupole moments are 0. 13h barns for

6} and 0. 8 barns for PleS)

-

Y:Ni The oxidatlon process might be enhanced :
by. the repetition of the. thermal cycle (between room temperature and
‘liquld helium temperature) through an increase 1n the number of dis-

27

locations of the sample. Hammond and Knight made an experiment of
v'nuclear quadrupole resonance in superconductlng gallium particles
suspended in o0il or paraffin wax. They found a broadening of the

‘resonance line and a severe loss'in.intensity-in comparison wlth'the
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Vgsame experiment performed in gallium particles mixed with quartz par-
:ticles of comparable sizé.. They attributed thisvchaﬁgerto strains-
produéed By the contractidn of the frozen oil or ﬁax at low temperatures.
The same effect in our N-grease might well be part‘bf the.cause of the |

deterioration of the signal.

2. Measﬁfement of Relaxation Times
The recbvery 6f the magnetization,bas.measuréd‘by thé-sﬁin eché

signal, was'exponential after some time had passéd. "At the beginhing,”
the relaxation was faster. This is eipléined in térms qf'diffusion of
fhe nuciear.exciﬁafion.from nﬁcleibin the center of the NMR line to
nuclei at thévsidgs, when théiiatter‘were nof excitéd by thé rf cémb.15
There are also nuclei at fhe center of the NMR liné that are nqt'excited“
because of being too far from tﬁe surface of thé sample (atva distance
bigger than the rf penetration depth). We observed this effect in our

’ e#periments in the'fOlléwing way.. Wg assumed a theoretical relaxétion
function with an additional édjustable ﬁérameter that took into accduﬁt

the diffusion effect. The relaxation function is:

Mit) = M [1-B exp(-t/Tl)];

' In this equation, Mbg B, and Ti‘are uhknoﬁn péraﬁeterS'to bé
calculated in a least-squares fit to the experimental data of (M,t) pairs.
The resgifsvalways'gave'ﬁ <1, showing.that“theré is indeed some diffusidn.

of the.épin excitation. A‘tyﬁical &alue’is g =0.85. It dépended on
the-ampiitﬁde.of.the‘rf comb, the number of pulses,'their separation

‘and width. The best results were obtained with a comb of 10 to 20 pulses,



~11- o UCRL-20516
at the maximum transmitter voltage. The pulse separation was 1 to 2
msec (note that T

2

viS'Qf the order_of 10 msecza), and the puisé width,
about 10 usec. _The»two rf pulses useé fo'éenératé the_echo'had a -
width of 2 psec and a separation of 500 ﬁseé; This somgwhat_long.
time was necessary for the recévery of one of the wide band amplifiers
(Hewlett—Packard model h62fA) aftef beiné saturated by the rf pulses.
However, it is stiilvmuch smaller than T2,_so that the écho is not
reduced. typical felaxatign curve can be seen in Fig. 2. The
exﬁerimeﬁt ﬁés run under tﬁe_abo&e cOnditioﬁS;v In F157 2,.[1-M(t)/M°]
is plotted as a functioh of time in a semivlogarithmic gréph.. The
. séﬁﬁle was ?ure'Ni,-annealed. |
| We expectéd to get é better saturation by indreaéing'thefébmb_

length. However,_wé fouhd‘ﬁuch'larger reiaxafion'fimes‘and a.noﬁ—A
. exponential relaxation (Fig. 3,véurve a5>.: The relaxation time in-
creased with the length of fhe.C6mb.. We got réiaxatidn times'mdre than
lb_times bigger than those‘obtained with short ¢ombs (of-about~i0 td-éo

pulses). In Fig. 3, cﬁrve a), the comﬁ.had 800 pulses; éepérated 2 msec.

- For comparison, curve C):is avrepetition of-Fig..2_but a@ fhe saﬁe
~* time scale of curve a). The explanation of this stfaﬁge efféct is
simple: with long éombs, the'tEmperatﬁfe'of fhe whdlé»sample increased,
by eddy4§urrehté and magnétic losses. vWe’notéd'alsd fhaﬁ_the iiquid
helium bath boiled at a much higher'raté. For an additional éréof,.we'
madé thé'followinggexperiméntf-'the transmittef frgquéncy was shifted -
by L MHZ (more fhan'the linewidth), and'a lohg gomb'étithe»pew ‘
frequency.was éppiied; The z—ﬁuclear.magnetization ?as mqnitored.ﬁith'

another transmitter,'in the usual way (two pulse'echo), wofking'at the
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iLarmor frequeﬁcy.' We could eee a Similgrerelaxation cur?e, in spite
Eof;the fact that the hucleér épins were ﬁot_excited by the:rf_comb.
This showed that the whele.sample heated up and that we.werevmbnitof;ng'
the sample-bath thermal<relaxation!‘ We were able to‘get'eveh\lenger
relaiation times by increasing more the'length of.the rf comb.
Actu&lly case a) of Fig. 3 with Tl = b0l msee is an average situatien.
In another experlment, an rf comb of 1600 pulses, separa+ed 1 msec gave
T, =9 996 msee. | |

We observed also a nen-exponential'relaxation curve in nen—annealed
“pure Ni.samples (Fig, 3, curve_b)); The shape suggests broadening
through straiﬁ—induced quadrﬁpolar intéractibns, as found by Andrev and

Turnstall,?9

Simmons, Sullivan, and Robinson30>and Narath. - The rf
comb was. not strong eneggh;to safuratevali ﬁhe'Zeemap levels: oﬁly the
central tfansition was exeited{ It is only by accident that.cufves_a)
and B):in Fig. 3 seem to have-aimost'eQﬁal reléxetion timee.‘ As ex-
plained befdre; long ff comﬁe rendered relaxation times which varied
according to tﬂe rf comb lengfh.
| After'annealihg the Ni sample,.we‘ebtained a purely exponentiei
.eurve'like_c). It is not obvious why curve c) has-e'faster rela#ation
time'thah curve b); we believe thetiin_tﬁe latter ﬁtﬁere was an'additidnal

. effect,_?robably surface oxidation; closely connectedewitﬁethe‘deteriora_

tion of the signal which was exélaineq before. Besidee, it was found |

that aftef>repeating.£he experimenﬁ.ﬁith‘fﬁe allojsk thevreiakation

times tendea to‘increase. However the pure Ni- samples were much more

stable. Note that 1n the latter the partlcles had a roughly spherlcal

shape whlle in the alloys the partlcles were rod-llke (w1th a blgger
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surface area). This fact reinforces‘the oxidationnhyPotﬁesis.
| AThe accuracy of our results is not determinednby.the errors~of
our measurements, but by the change‘in sample properties,u For,pure.Ni
samples, we-obtained relaxation_times from 47 to Sz'msec uhen the_
temperature was h;2°K and the external magnetic field 6 kG. As an.
- average value, ue present: ‘I‘l = SO msec i 5%.. | B
In the Ni-Pd alloy,_2 at,% concentration, the'Ni6; relaxation time
- varied from 43 to. 61 msec 1n the samecondltlons of temperature and
magnetlc fleld. Note that the average is about the same of the pure Ni,
- We shall see that the Pd relaxatlon time is not needed in absolute
value for the calculatlons. Only the ratio RPd/RN is used Fortunately;v
_when we.measured the Pd relaxatlon, the N; relaxatlon in the aiioy wss N

N ! - - . . .
rendering about 50 msec so that the Pd valile can be well considered the

105

- average. We got T. = 580 msec for Pd at k4. 2°K

1

We tested the constancy of the product T T for the N16 relaXation
in the alloy. We made two consecutlve measurements ath 2°K and 2, 1°K
(in order to avoid the oxldatlon dr;ft). -We obtalned Tix;v6l mSec'at
h'.gfx and_Tl = 128 'msec--.a_t-z'.1°K, :so'tnet--TlT is'const_a.nt w-'i‘thn'..n'the'

f,experimental error. . ._ H o | | |
’t-III. INTERPRETATION'OF RESULTS

- A. Theory of §pin4Lattice Relaxation .

. We define a normalized relaxation rate R as:

~

Re (G RO

. where Yﬁ is the nuclear gyromagnetic ratio, Tl is the nucleer-spin-lattice

Ly
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‘relaxation time and T is the lattice temperature.. There are éeveral '

contributions-to,R; we shall.consider here-the relaxation due to the

lkinterection with the orbital eiectronic‘moment r°F . and the dlpolar

interaction with the electronic spin, Rdlp Wollow1ng Obata 5.

treatmenclo we get: | .' -

orb‘__ hm 2' =352 _5_ o

R =5 h k E fNO,(E )] f0(2- 3 £4) o (1)
aip _ 4,3 3,2 S

B0 =gh kBy ( | -——g {and (EF)N+(E )(l3f - 9ty -9f, +12)

©
+ZB[N§(EF)]_2fG(2—fU) }
g :

vhere kB is the BOltzmann's'constant, Yé = 2ué/h'ie the electronic

gyromagnetic ratio (uB is the Bohr magneton) ‘3 ) iseah average at

the Fermi energy, with r equal to the orbital radlus, N, (E )‘is the

’

density of states per atom of @ electrons with spln o only at the Fermi

_energy EF and f is_-the fractlonal admlxture of d(t ) states of spin g.:

' In'eddition,vwe have the well-known contact 1nteract10n with

.

s-electrons. The contact_relaxation'rate, Rc, derived:by Korringa,9

is given by

c _ 6h 232 '>v 2 e 2. sy Sy
R =rh kpYe ¢ up(0)]7 ) g ¢ lu+(0)l Vp Ny(Bp) No(Ep)

Y

v where u (0- is the electronic s-wavefunctlon at a nuclear s1te. . The

average (Iu (0 ]2 ) is taken”at\the-Ferml energy. 'NG(EF)-ls the

s-dens1tyvof~statesvat the Fermi.energf_for spin ¢ only. For the

.

Y
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common case of & non-polarlzed s—band where N (E ) = N, ='NS(EF)/2danq_

}(0) ='u+(0) = u°(0), we have

e _ ;é;.3 3, .2 ,1.8 2,2 . S/ 2>
K= Tk ¢ l.uv_(O)I )5 [ (EF)‘] .

N L

B.  Nickel Relaxation
Moriyalz‘made a_calculation of the'relakation fate in the case of

the ferromagnetic metals Fe; Ni, and Co; He censidered the‘above‘
‘mentioned interactions plus-other (negliéihle)_effects;‘like s-d”ex-.
change”interacticn, core polarizaticn, and‘spinhwaves. Hedfeund that
the orbital relaxation wasAdominantvand that the agreenentlwith-.:
experimental measurements was'duite satisfactory (within‘a factor of 2)
after'correcting a mistake in.the density of states.3? 'Heie we shall
repeat the calculatlons in the llght of better values of the various

parameters needed and oyr new experlmental results.

‘We obtained the average (r -3 ) from a table of atpmic-vavefunctions

(calculated by Herman and Skillman33) and a numerical integration Two

wavefunctlons for nlckel gre tabulated “one correspondlng ‘to the

9.1 8 2

3d”s electronlc conflguratlon and the other to 3d s . The resultant

average dlffer by less than 10%, S0 that it is reasonably accurate

to. extrapolate llnearly to the conflguratlon 3d9 k0.6 whlch occurs in

‘Ni metal. .The result is:

r_3,hi==,6.99 a.u.‘=dh.72-x 1025 cm-3.;- .
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Ve adopted thls method of calculatlng (r 3 ) for con51der1ng 1t |
more dlrect and rellable than der1v1ng 1t from hyperflne data. LWe :
assumed also that the average "at the Fermi surface is the same as in

.the free atom because of the locallzed charatter of the wavefunctlons
near the top of the d-band (where the Fermi‘energy ‘lies). |
The densities of states for s ana d.electrbas‘at the Fermi.sarface.'.
are caleulated as follows: we use a total den51ty of states N(E )
taken from an APW band structure calculatlon for Nl metal made by

Connolly.3h' Its value is:
- N(Bp) = 1.7 x l012 states (erg atom) T,

We assume, with Morlya, that N (E ) 0 for Ni and that

< .

_N(EF) = N (B) + N?(EF).-

N° (E ) is calculated from a free—electron model and the known

3.

value of the dens1ty of states of copper - The latter has only s den51ty

of states at the Ferml surface. Otherw;se, its electron;c structUre.ls
similar to thatAof.Nl. An APW calculation by Bur'diclg5 gives:’:’

N (E ) 1. h x lO ‘states (erg'atqm)fl,

The Ni s-density of states is calculated frpm‘ '
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S ;. RS 11/3
Ny, (Eg) _ (Vondy, 1777

s - 2
-NCu(EF) (Von)Cu

where V_ is_the atomic volume ‘and n is the nimber of s—électréns:per'

. étom (equal to 0.6 for Ni and 1 for Cu). ‘We get finally:

N (E ) l 12 x lOll states (ergkatom)f;;'

12

+N1(E ) =1.59 2 19 states (erg atom)fl

We believe the density‘of étdtes derivé@ froﬁ'the bgnd-strucfure-
_calculefion is more accurate for_durvarposes than the one célculated
from spédifié'heét'meééuréments. The'latter is enhanced by the electron-

36av*f.”

phonon 1nteractlon and the electron—magnon 1nteract10n

Finally, the fractional admlxture coefflcient f+ was obtalnedufrom

‘an experlment of Bragg dlffractlon of polarlzed neutrons in N1 metal
37 Hls result 1s: £, = 0;81u

By substltutlon of the numerlcal values, we get

made by Mook

T = 0.62 x 107
dip _ ool 6

e

0.017 X107,

Flnally, we estlmate the s—contact relaxatlon 1nd1rect1y, from =

'!rélaxatlonvdata of copper.metal : Assumlng that in the latter the
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s—contact relaxation is dominent, we have

s 2

s ' B
Ry bns (BT o
e 82 0.6k
Rgy, Ncu(mF)

' Relaxation time in Cu metal was measured by Anderson and,Redfield.38.'

They found T,T = 1.27 for Cu, hence:

Ry, = 0.0102 X 1o“§.

' Thus the s—contact relaxatlon in Nl is l 3% of the orbltal relaxatlon
‘Addlng the three effects, we get
orb’ -6

dip -
RN RNI + RS+ Rl_ 0.65 x,;o

So far, we have essentially repeaéed‘MeriyaéeecaICulation; but
with new velues for (r-3 ) and Ni( F)' The flrst parameterrls bigger
" and the ‘second emaller than those used by Morlya * Our flnal'result 1se |
about 20% smaller. On the other hand our. experlmenfel'felaxation
-tlme is longer than the one avallable ax the tlme of Morlya s paper
publlcatlon The 6 kG magnetic field effectlvely swept away the
| domaln walls, thereby ellmlnatlng the relaxatlon produced by domaln
wall metion.lh From T, = 0.05 sec and T‘=,h.2°K,.we get: |

(exp) 0. 8h X. 10 6

Agreement between theory and experimeht are well within the
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1 !e afed ex?eriméntal:errbr and the uncertaintieé"in the,theoretical

s calculatlon of N (E ) and (v ~3 Y.

ThlS supports the 1nterpretat10n of
% ‘ the measured Ni relaxatlon time as caused maxnly by the orbltal inter- .
action, excludlng the effect of domaln wall matlon. -

C. Palladlum Relaxatlon

Slnce the orbltal interactlon is well establlshed as the domlnant ;v

L mechanlsm of relaxatlon we can use the eyPerlmental value of the Pd

-relaxation time to obtain the h-d density ofvstates at the_Ferml_level - i

of the Pd impurity. From formila (1), ve get:

R;? - < rfg ")P {[NJrPd(E )]2 + [N‘de(E )14 }
b 3 . .

Here>we assumed that the f.coeffic1ents for the P& 1mpurity are. equal |
to those of N&,, ThlS assumptlop can,be.repoved wlthOutvtoo‘much changef—v
lin the finel'results, sinee the“felaiatien rate dees not.depend.fery
estronle‘on f. } L _.. » » N o

The average (r “3) for k-a orbitalé in Pa 15 eeicﬁlatea‘in the eame '
_wey'as the ope for‘3fd,drbifale in Ni. In thls case Swe Just use the |
lieted téble»fer the hd: conflguratlon; We_get:vi

3y =765 = 5.6 107 S

F?omvthe_experimental'fesﬁif;-Tl =ﬂd.58vseé éth;2°K for Pd, we

'iget:
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_orb

de (exp) o.3u‘k'1o“6.

Hence, .

%lENw?d(E )] +1 +Pd(E )] = gl( * 1. 68 X 1012\]8_,%{?

O\

12

0.99 % 10™° states (erg atom)fl.

“p. Descrlption of the Impurity State

A The problem of llndlng the 1mpur1ty levels has not }et been solved
iuquantltatlvely In the N1—Pd case, all we can ‘do is to gather several
experimental facts;(including our measurements) and propose a structure
that would agree‘reasonahly vell with all_of them. We-are interested
in the shape of the Pd levels and their position with respect to the
Fermi'energy.‘iFigr:h shows several possibllities} The spin‘up'and“.
spin down states.are drawn separately to‘take into account a posslble
splitting. .In all cases, the ordinates represent the electron energy
'wlth respect to the Fermi energy and the absc1ssae dre the 1mpur1ty :
density of states. The area under each sub—band corresponds to flve
electrons'per atom _States are filled up -to the Ferml energy (shadowed,~
areas)

Stralghtforward cons1derat10ns allow us to neglect lmmedlately
nost cases. Because of charge neutrallty W1th1n the 1mpur1ty cell
we can eliminate cases f, g, h and i.. Because of-the ferromagnetlc
state of the-alloy, we may assume there 1s a molecular fleld actlng on"

" the Pd hd—levels.from the exchange 1nteractlon between 3a electrons of fvl
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Ni and Ld eléctrcns'of Pd.' Therefofe, we excludé céses:a>and d. 'Our‘
measurement of the Pd relaxatlon vim.ebtells that-théré is a‘sizeébie
den31ty of states of the 1mpur1ty level at the Ferml energy. vBecéuée
of thls‘expeylmental fact, we eliminate case c. ;The iny remaining
possiﬁilitiés-are b and é, ‘Note that cﬁse b is similar to the 3-4.
- baﬁd in nickel metal. It is 1nterest1ng to estlmate for thls model
the number.of holes in the Ld} levels. Let us assume that the density
"of states vs energy curve has a,p&rabollg shape near the Ferm; energy,

"or E ~ [N(E)]?, where E is the energy measured from the intercept_of

the curve with the E axis, so that N(0) = 0. In this approximation,

" the number of holes n

n, 1; given by:

oy, - NE) P,

We obtain a rough estlmate‘of nh
E that the Ni 3d band has the same shape and using the known values of
vN(EF) and’ n, for Ni. The latter comes from mgagqrements_of the g-?ac_
torlBAequal’to é.18 and the sgturafionAm&énétiiatiénj39 which_giQE_.
Any )y = 0.565 hqles/atom. o o
"(n' oy M ()13
h'Pd _ " Pd :F
1n 7N1 (NNi(EF.)]3 '

’vgnh)PdV= 0.11 hp;es/gt?mf7_,

In order to examine the possibility of case e, let us estimate

for the Pd 1mpur1ty by assumlng .

'R

 the splitting of the L4 sub-bands of the impurity. Wéfmay assume in a
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éfirst approximation it is ef the"sshe crder éf the splitfing'of the
:Bdfsub-bands of Ni; The'letterAis not knowﬁ’accurafely. Cohndllth
found a 0.9 eV splitfing in an APW calculation of the bend structure.
Zornbefgho obtained a smsller splitting between 0.4 and 0.6 e?, from
'opfical spectra data. Phillipsylwt&bulates;the results of many authors;.
| rangiﬁg from 0.3 to 1.7 eV, and flnally estlmates a splltting of
.0.5 - 0. l eV in coincidence with Zornberg

A 0.5 eV splitting would eliminate immedietely case<e ovaig. L
beceuse the density of states at the Ferhi surface wouldlhe higher.
than the Ni 3a densit& of states. Our measuremenfs show just the n
opposite result: Nﬁg <.N§g. . | '

On chOOSlng model b, ‘there are two 1mportant consequences 1) a
denSLty‘of states that agrees w1th ‘our measurements of spln—lattice
relaxatlon tlme and 2) a small magnetlc moment locallzed at the impurlty. )
Its value is obtalned from the- calculated number of holes, nh = 0.11 and
the measured value of the.orbltal contrlbutlens. Flscher5 Herr, and
Meyerl® obtained for Pa a g-factor of 2.58 in Ni-Pd alloys. Hence:

. .v - 2"58 ‘ ‘ ) - ! v ) .

We have to emphasize now that thls result is the consequence ofva
s1mple model that assumes equal shape for the Ld 1mpurlty levels and
.the 33 Nl band.- |

E. ‘ﬁichSSion‘
vﬁere we would like to compsre,the.preduetioh of a.mohehtheffd;lhﬁBx

localized at the Pd impurity (from our model) with the results of other
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experiments. .

1. The Hyperfine Field at the Pd Nucleus

In ferromagnetic alloys the two dominant~contributions to nhev
hyperfinevfieﬁd are:® contact interaction by conduction electrons and
contact interaction by s-core eleo%rons. Both are polarized by s-d
exohange. The core polarization.is important if there is a magnefie

.moment at the impurify site. .Shirley, Rosenblum, and Matthiashe

caleculated a oonduetion electron contribution.of -79 QQe for the fo

impurity in Ni. Since the»total hyperfine field isi—léh koe,vtnere is

an addiﬁional =115 koé field‘thaf they_attributea to s=core polarization.‘

From there, a megnetic moment of 0;3 uB et.the Pd site was obtained. |
Note that calculations of hyperfine fields use the exchange~

‘polarized Hartree—Fock method,8 where the wavefuncfions‘of‘opposite‘~

spin direction-are evaluated separately The net spln den51ty results

- as a dlfference between the two charge densities of opp051te spins.

‘The difference turns out to»be much Smaller'than each term,:so that

there may be a large reiatlve error.' Thef is the reason why the

hyperflne field predlctlon of the Pd magnetlc moment cannot be con31dered -

'more.accurate-than the one'derived from our measurement of the Pd '

f.relaxetionotime. We do not see,.therefore, a substantlal dlsagreement

between both results.

b) Measurement of the magnetlc moment by neutron scatterlng

Cable and Chlld7 performed experlments of Bragg and dlffuse
scattering of polarlzed neutrons 1n four Nl—Pd alloys ~ The Pd concen—
tration ranged from 25 to 92 at.%; 'They.found that both the Pd and the

Ni magneticvmoments increased with Pd concentration in the Ni-rich
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region. Their values are: TFor Pd, (0.00 % 0.03) Hp andf(O.l? t O.Oi))JB
in the’ 25 at.% slloy and the 50 at.% alloy, respectively. For Ni,

(0.81 + 06.01) ﬁB"and (1.02 # 0.01) 1 in the same alloys. From the

B

observed trend.and the measured values, they predicted that the

. Pd moment would be zero for very diluﬁe alloys. Unfortunately, neutron

scattering doés‘nqt yiéld observéble reéultS'for Ni-rich,'very'dilute
alloys and one has to-rély on an extrépéiation (as Caﬁle_and Child did)
or usé an inairéct:methéd of pbtaining thé.maghetic'momént (as-in

our ekperiﬁéh%); ‘The difféfént fésuits_do hot'show a fundamental

&isagreement, but they rather indicate'the domein where each method

" . gives reliable resultSJ Even at 25 at.% concentration, the neutron
" diffuse scattering measufement‘requires a sizable correction for

‘multiple Bragg scattering, so that the éalcglated Pd moment for the

25,at;%.allpy {s 1less relisble than the one for the more concentrated

alloys.h3'

~

" ¢) Magnetization vs concentration for Ni-Pd alloys

17

_»Cfangle and Scott™ and'Fischer, Herr, and Méyerls measured the

average mégnetic momént jer‘atom, Mév’ és a funétion of:¢opcentratidn.
They found thét‘Mav’decreaseé iinéarly.witthd cdncentratipn from 0 up )
to 50% Pd. Invthis:regioﬁ of concehtrgtion; thé‘follbwing.relation_ié_

‘ ~

3 _ R o ,
Mav’?f(°‘6;6 - 0.11:;).uB:, _;_‘f

where ¢ is‘the Pd concentration. Fof e > 0.5, Mav drops faster and

vanishes at about ¢ = 0.98.-
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‘ Tt was suggested that fof ¢ <1Q.5, the‘Nivmoment remains constant
§(07616 ug) and each Pa a£¢m contributésv&itﬁ.o'soé My -Howéver, the
Pd contrlbutlon ‘does not need to be Iocallzed at ‘the Pd atom Tt can‘¢
be shared by -the nelghbor Ni atoms, as proposed by Cable and Child. 7
' Analogously, a magnetic momen+ dlsturbance on the 1mpur1ty nesghbors
has been found by neutron diffuse scatterlng 1nvcther allcys 3.k, 6

| Let us assume the Pd impurify has a»O.ih'ﬁB moment:(as proposed
' before) and only the nearest neighbors'have 8 bigger acaent;'so that
the total.Pd_contribution is‘O.SOG Mg Thus the twelve aearestbl
neighbors have an_eaira moment of.(0.506‘— Q;}h) ﬁB = 0;366»ﬁB and’
‘each one ofvthém hasvanvextra‘hOment of 0.031 UB; cf“aﬂ0.6h7 ﬂB -
total moment. o _

We think the explanation cf.the enhanced Ni'mcheafiis parf cf.

“the Wﬁole proﬁlem of.the Pd states invNi.  Stearnshh posﬁuiated that
there is an.antisferromaénetic indirect interacticn via's-conduction.
electrons, to explaln the Mossbauer spectra of.alloys of iron w1th
- different 1mpur1t;es,' If the same effect occurs in the N1—Pd alloys,
then the lack of moment on’the Pd atom'would increase the’moment'on'
the Ni_neighﬁors. Ve presehf-ncw aacther quelitative explanaticn
'based on sCfeening’effects It is kncwn”fhat'ia free Pa atoms the‘e
hd orbitals have a lower energy than 3d orbitals in N1 (see, for

33) ~The. orlgln of. thlsv-

example, Herman and Sklllman s calculatlons
‘ fact is that the La orbltals in Pd have a 31zable den51ty in reglons
of space where the extra nuclear charge has not been screened by the

1nner electronlc shells. Therefore the ha states ‘of P4 in the alloy

are more filled than the' 3d states of. Nl because of the extra nuclear
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charge of Pd,.in_agreement with our previous conclusions.‘ There is
an extra negative charge of 0.565—0.11 ﬁ‘O.hS'electrons per.atom,'to
be‘screened by‘s-cenduction‘electrons'and 3d electronsvfrom the Ni
nearest neighbors. In other words, 3d'and 4s electroﬁs from the”Ni
nearest neighbors move in to paftially‘fill the Pd 4ad states;f Since
only the spin down sub-band has.a laqge density of states at the
Fevmi energy, the screeniné wiil.be done by 34+ electrohs, thereby
‘increasing the magnetic moment of the Nivnearest neighbors.

v. lSUMMARY AND CONCLUSIONS
We detected the NMR and measured the spln-lattlce relaxatlon time

of N16 and Pd 105 161

in a Hl?Pd alloy, 2 at.% concentratlon. ’The Ni
relaxation time agrees.with'a theoretical model in which the dominant_
mecﬁanism ef felaxation ls an interaction.with ofbital fluetuatiensrof

’ d electrons. Assuming that the same mechanlsm applles to the PleS’
arelaxatlon we derlved the value for the den51ty of states at.the Ferm1
surface of the h d Pd levels From this, we 1nferred-a magnetle
-moment at the Pd 1mpur1ty, and estlmated 1ts value to be 0 14 “B

‘.‘The accuracy of this result is limited by “the assumptlon that the h-d :
P4 levels have a density of states curve of the same shape as that of -
the 3-d N1 levels We adopted thls assumptlon for lack of anythlng
better. This result does not dlsagree substantlally w1th measurements
Aef the hyperflne fleldh2 and expeflmentsﬂuslngvd;ffuse”neutron scatter—,
ting,7 . oD R
Next, we'presented‘a model of maénetie momeﬁt distribatioa.aroand
tﬁe impurity, ﬁade to agree with_bulklhagnetization measﬁrements, asl

T

first suggested by Cable and.Child. Only nearest'neighbors-are'perturbed
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Ewith respect to the pure host. In order to test thls model, it would
;be;interesting to'Observe the structure of the NMR N16. llne in the

| elloy. One.would'expect & satellite'line because of the dlfferepp
environment of the Niél nearest neighbors to'therPd impority.- A :
similar 31tuatlon was found in a Co-N1 alloy by LaForce, Rav1tz;.and

‘ Da,y,b'5

and Riedi and Scurlock h6 We can‘estlmate-the displacement of,,
the}satellite line from the calcdlations offhyperfioe fields bv :
'JShirleyg Rosenblum, and Metthias}hz qupose fheré_is only evchéngezpfﬁi‘
"the core polarizatioh field produced by the change of the maghetic_ i
_.moment. In Ni metal, the celculated core polariiation field is. =50 kG. |
ﬁence, in the nearest neiéhbors'tolthe‘Pd impurity; we:would have ad:
change in the hyperfine'field Hoot H , S |

- Anﬁfs';_,sp.x 0.03170.616 = 2.5 xG. -

~ That means ‘an 1ncrease of frequency‘oflo 95 MHz, whlch cen be |
e351ly detected. | v | . ‘

Our work is part of a w1de—range project of study of dlfferent |
J-'impurltles in Ni. The flrst case was e Ni-Cu alloy,.studled by
Ba.ncroft'lS
"The Cu 1rpur1ty has- very s1mllar electron levels to Ni and dlffers only -
'vln one unlt of valence. In our- case, Pd has thersaﬁe valence as Ni,

but dlffers only in atoﬁlc size.. We canvsee that-Cu'and Pd are two-'
_'qualltatlvely dlfferent cases, and that other 1mpurit1es in N1 would
“have s1mllar behav1ors,'approach;ng~one_ofithe tvo caseslor‘someth1ng”“
intermediefe. In particular, we eredplanning:to:vork'vlth the following

alloys: Ni-Pt, Ni-TIr, andfgirRh.

who found that there was no magnetlc moment at the Cu 31te. S
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'FIGURE CAPTIONS ' -~ .. =

Fig;‘l'l° Block dlagram of the apparatus.
'1v Fig. 2.» Splnnlattlce relaxatlon in Nl metal. _Anhealed‘SEmpie.
l 52 msec, B = 0.9, T = h ?°K

‘Fig. 3. Sp1n~lattlce relaxatlon in dlfferent 51tuat10ns ' Ni metal

'samples. T = h 2°K

(a)- long comb, produces heatlng of the sample ;Ti°=4h013msec.i
.(b) non—annealed sample P 375 msec.
:(c) -same as 1n Flg 2, but at dlfferent scale = 52 mseq;v

1l

"3;Fig;ih Den51ty of states vs energy for the 1mnur1ty levels Spin'
- up andvsp;n down‘are separated;_‘Nlne dlfferent posslblllties‘axe ;

~ considered.
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