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DOMAIN HYPERFINE FIELDS IN SOME DILUTE FERROMAGNETIC ALLOYS.
STUDIED BY NMR ON ORIENTED NUCLEI
Richard William Streater
Materials and Molecular Research Division

Lawrence Berkeley Laboratory

University of California
Berkeley, California 94720
ABSTRACT
. . et 60 .
Hyperfine field distributions at the sites of - Co atoms dissolved

in some dilute (up to 4%) CoFe and NiFe alloys have been measured by
NMR on oriented nuclei at very low temperatures. The resonances are

primarily in domains, and do not involve many of the uncertainties

in line shape or poor resolution of other methods which have been used

‘in the past. A method for preparing samples for high resolution nuclear

orientation-NMR Qpectra is described.

The hyperfine field shifts due to neighboring impurities are shown
to be consistent with a.model in which fhe shifts are caused by momeﬁt
perturbations in. the neighboring shells surrounding an iﬁpu?ity, with
RKKY-like'sﬁinldensity oscillations affecting the conduction electron
and core polarizétionvcontributions to thevhyperfine field. The obsefved
Shifts at a 6000 site are +l.86i0.22 kG with a nearest ﬁeighbor |
sﬁbstituent Co, —-4.2810.17 kG with a second nearest neighbor substituent;
~3.41%20.07 kG for a third nearest neighbor substituent and —b.98i0.05 kG
for a fourth neérest neighbor substituent. 1In the NiFe alloys, thé
shifts are -3.480.23 kG, —6.6310.14 kG, -5.14%0.25 kG, and —1.4§t0.14 kG.
fespeéfiveiy for Ni:neighbors.» The shifts are'shown.to be generally
smaller than those at the Fe sites, the trends‘béing consistent with a -

reduced number of itinerant electrons in going across the 3d transition
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series and with the moment perturbations arising via the itinerant d's.

Small quadrupole contributions to the hyperfire interactions are
shown to exist by the response in adiabatic fast passage resonance
sweeps, but do not contribute significantly to the magnetic resonance
lineshapes.

60, . . ' o

The ~Co spin-lattice relaxation times have been measured for the

main and satellite resonances in some CoFe alloys and mo statistically

significant changes in a function of alloy concentration or the

sub~resonance excited were observed.

s



I. DILUTE FERROMAGNETIC ALLOYS
Hyperfine fields and moment distributions in dilute ferromagnetic

alloys have been extensively studied by neutron diffrac:tion,l-5

Scw NMR,6_14 spin’echo'NMRls—ZI 22-30

and MBssbéuer spect;oscopy.
Spectra .and -moment distributions for most of the transition metals

dissolved iﬂ Fe; both those which form local moments of tﬁeir own,

and those whiéh do not, have been measured or inferred. The ﬁosc

‘studied case is that of Co in Fe, with the Fe'sites being the 6bjéct

of most of the NMR and Mossbauer work.

31,32 ’ . : :
2 observed strong nuclear resonance

In 1959, Gossard and'Portis

signals from 9Co in pure Co metal, and there has been eXtensive'use
made of NMR to‘attempt to extract information regarding thé electronic
strﬁcture of ferromagnets. Soon after fhe discovery of ferfomégnetiéally
‘enhanced NMR, research on dilute alloys began. La Foréelet al..6 and
Koi et al.7'observed mostly distinct, higher frequency satellites in
the Co resonance in dilute Fe and Ni in Co alioys, which were attributéd
‘to impurities in neighboring shells abouf an Fe'impurity..

. fortis aﬁd Kanamori33 noted that the intensitieé observed in the
early.work-were'considerably weaker than would 53 expected if the
origin were indeed due to substituents in nearby positioné; aﬁd‘propésed
a model in which éll the intensity was due to é near neighbbr substituent
. only, and split by a dipolar field from the impurity and‘a pseudodipolar
field.due to the charge distribution in the neighboring d—sﬁells.

Wertheim et al. performed an analysis of the $7Fe Mossbauer
spectrum in Fe-based alloys and concluded that the magnitude of the

changes in lineshapes with differing alloy concentrations must involve



at least N1 and N2 (i.e., ﬁeafest and next nearest neighbor) sites.
Wilson9 in 1964 studied CoFe and NiFe alloys by NMR and observed no
satellites but showed resonance lineshapes broadened to low frequency
which éouid not be rationalized witﬁ the Mossbauer spectra except .
by saying that the low resolution gf the Mossbauer data precluded the
observation of‘shifts due to neighbors farther than the first few shells.
“He felt tha£ the NMR was sensitive to all the Shélls and that the net
‘contfibution was a reduction in the overall field.due to interaction
with many more distant neighbors.

The neutron scattering measuremeﬁts By Collins and Lowl of the
magnetic:mémeﬁt perturbations around transitionimetal impurities in
Fe had_oﬂly very l§w resolution, thus allowing only an overall view
of the magneti; defect structure in the alloys, but not permitting
assignment of agéuréte moment values to the indiyidual héighbors‘of an
impurity. Ca_mpbell2 obtained reasonablygood‘agfeément with the neutron
scattering data with é very simple empirical model, assuming the
vh&perfine field arises from two contributions, one proportional. to
the locél'moﬁent and one proportional to the averagé‘host'moment.
:sting a'simple band shape, Campbell and'Gomés4 developed a phenémenological
model describing the écattering of degenerate electrons by imphrity
atoms (in terms of charge screening), based on Friedel's thecory of -
alloys.34’35‘

Rubinstein et al.15 published Mossbauer spectré for a series of
low concentr;fion Al,'Si, and transition metal impurities in Fe and
made an empirical fit to the data assuming a superposition of the

hyperfine fields in the various occupational distributions of the



first three neighboring shells.

. Detailed cw spéctra of the Fe resonance in some dilute alloys

10-13

were taken by Mendis-and Anderson. They concluded that, with

. . . th
“the intensities they observed, they had seen satellites out to 4

or Sth nn although the intensity measurements were very difficult

to correct for the base line. They did not assign any lines to N1

or N2 substituents and attributed this absence to large dipolar and

pseudodipolar effects, causing broading to such an extent that the

signal was_iost iﬁ the baseline. In égfee@ent with the Mossbauer work,
they point out fhe validity of the assumption of additivity of impurity
effects”by nofing a small satellite they‘assigned as due to two Co in
the ‘N3 shell with twice the frequency shift of the single substitueﬁt
line. Figure I-1 shows the average field at the Fe sites as a function
of Cé concentration ffom‘Mdssb;uer studies and it can be seen that
it is linear to about 20% Co, supporting this additivity idea.
By‘1968, the basic experimental facts were still somewhat in

59

question. Rubinsteinl6 studied both the Co and 57Fe resonances by

spin echo and cw NMR. He went through a fitting analysis similar to

‘that of previous authors, assuming a random distribution of impurities,

and, using his new intensity data, decided that the prominent satellite

‘was a poorly resolvéd N1 and N2 doublet, claiming to resolve the 8:6

relative amplitudes due to the N1 and N2 substituents. He observed
a marginally resolvable peak on the high frequency side of the main peak
which was attributed to an N3 or N4 impurity.

19

, 18 . , .o
Budnick™ "’ put some of the controversy into perspective with the

observation that the integrated satellite intensities in his careful
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Fig. I-1. Average hyperfine field at the Fe site.as a function of Co
concentration (from Ref. 43).
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spin-echo measurements differed by as much as a factor of i;S,or 2
from the intensities reported by Mendis and Anderson and Rubinstein,
who measured only relative peak heights and did net consider line
widths in matching intensities to the probebility distributions. He
showed that agreement with the neutron scattering results, which

show mainly positive perturbed spin density leading eo high frequency'
shifts in the MNR and Mossbauer speetra, ceuld be obtained.

It might be pointed out that in many of the analyses, the amplitudes
or heights of the various '"sub-peaks' in the main satellite were compared
with.one another but apparently not to the main resonance to see if
the -assignments were at all reasonable in terms of the overall probability
distributions.

v Wertheim26 criticized the analysis of Rubinstein -and compared the
magnitude of the shifts to some new Mossbauer data; He concluded that
an N3 substituent gave a shift of 1.3% in agreement with Mendis and
Anderson but also saw a very large (~3%) shift for N1 aﬁd a poseible
N2 nearby. He assumed all linewidths were the»same and that a random
statistical distribution obtained.

Stau5520 probosed yet another model for the Fe and Co resonances
in dildte CoFe alloys, taking into accountAthe ﬁossibility_that
different widths might be associated withldifferent lines duerto
dipolar broedening effects. His caiculated spectra show reasonable
agreement with some of the better experimental data, although two
quite different’sets.of parameters seem to.give fairi& gobd-metches

to the Fe spectra.

There are experimental difficulties associated with all the
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techniques used in the studies mentioned here. Thé>péor.spatial
resolution of tﬁe neutron scattering data does not permit assignment_

‘of moments to the:iﬁdividual sitesineighboring the impurity. The
Mossbauer séectra do not in general haye sufficient resolution to allow
the ébservétién;of disﬁinct satellites at éll, and'ﬁsually only a
broadening and shift of the outer lines can be observed. The NMR
experimehts.rely on enhancemenf by domain wall motion. The gveraging

of the Bl with the local magnetization, the variation of the enhancement
factors across fhe domain wall, and the conSequencesvof the domain
walls consisting of area segments of different siZeé, which are immobile

at their perimeters, must all be considered.36’37

The position of the
resonant nucleus with respect to the wall, the power applied, and
the methods of applying the rf all introduce variables which may not
’ 38 39 -
be fully accounted for. Butler "~ suggested that single fast passage
experiments might permit relative intensities to be used in identifying
the sites, but showed that for anisotropic,Hyperfine fields such as
-in hexagonal Co or for near neighbors to an impurity, the signal is
drastically modified by the anisotropic hyperfine fields and enhancement
mechanisms.
. . 28 . . .
Vincze and  Campbell did an extensive serier of Mossbauer
experiments.on all the transition metals soluble in Fe and performed
a very careful, detailed analysis of the spectra, including all six
Mossbauer lines in their fits, not just the outer ohes as had been
done in the past. They showed quantitatively that the behavior of

the average hyperfine field changes due to impurities.could be given,

as before, in terms of a core polarization proportional to the d moment



-7-

on a particular site and a non-localized conduction electron polarization
term. By including the value of the impurity hyperfine field they'showed

dH H :

— 4+ - = = . 2k : - .

dc (Hi HFe) (u)pure Fe dec . (I l)_

for 3d‘impurifies, where dp/dc is the change in a&eragevﬁagnetiéation
of theiélloy per substituted impﬁrity atom. They gaVeba general
eXpressién for the tofal'cﬁange in neighbor site fields_&ith terms’
_involying d momedt changes on the Fe sites as well as the. effect of the
' conduction electrons at the Fe sifes due. to the moment éhanges'at

lthe impurity site.

Alongtsimiiar linés,-Stéarn540 has developéd'a.semi—quantitative
médel of the origin of the hyperfine,fields at the solute atoms in Fe,
considering both RKKY type interactions where the spin density of
the itinerant electrons arises from a Coulomb exchange interaction
-between the locaiizéd and itinerant electrons (yielding a positive CEP
spin polarization) and an effectivé exchaﬁge interactioh through
interband miiing of thé conduction and lécal-momént orbitéls (yielding'
in mést cases avnegative CEP).  She shows that an RKKY—like’radially
oscillatory hyperfine‘field shift can reéplt from a consideration of
these aspects. Details of these methods ﬁay be found in review
articles by Blandin41 and Nar_ath42 and references cited therein.

An- extension of the model to moment distributions and hyperfine
fields at; and surrounding, transitioh metal ;olute atdms in Fe and in;

dilute alloys has been developed.43-45
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Assuming.each atom of the lattice causes a.éEP oscillation around
it,»ﬁhatAfor‘d&lute alloyé,'these oscillations may be superimposed, and
that the solute atom goes into the métrix with a perturbation that
can be represented'by an increase in the moment ofbthe Fe atoms
surrounding the solute, use may be made of fhe average saturation

46,47 calculate the hyperfine field

moment of dilute CoFe -alloys
shifts. It can be shown that, from the average saturation moments

of the dilute alloys, considering the first 6 shells

6

O;eije - —uFe + z :MnAun * UCO o (1-2) -

n=1
where Mn is the number of sites in the nth shell and Aun is the

. ' ' . th . . , '
increased moment in the n shell surrounding a Co impurity. A

.

functional variation of the form
: .
1

Apn - Au1 ';;

is used, where Aul is the moment increase on the Fe atoms in the
first neighbor shell and the exponent, m, is the radial dependence
of the moment perturbations.

8,52

In the usual manner',4 the hyperfine field at the Fe atom is

given by

L= -+ . . (A T-
HFe Hcp Hcep (1-3)

where Hcp is the field due to core polarization and_Hccp is due to
conduction electron polarization. The HCep term can be broken up into

two contributions, HS, due to the Fe atom itself and H. due to all the

x

surrounding atoms.



Hp, = HCP +H +Hy S o (I-4)

The first two terms, due to the moment on the Fe itself can be combined

.asvHM. HZ for pure iron has been measured -and so‘H\4 can be calculated.

Hy = Hcp + HS = th - Hy = -346 + 145 = -201 kG ] (I—S);

or 90.5 kG/uB. The‘CEP hff shifts in the ath shell, AH# in iron were
obtained from shifts in FeSi and FeAl"alloys53 and are -12.1 kG/uB

for the N1 shell, 2.7 for N2, +2.4 for N3, +0.6 for N4, +0.3 for N5
and +0.6 for N6. The occupational.distribution surrounding a solufe

" atom, is given by Steérn543 in her Table II, partAof»which is reproduced
here for the first neafest neighbor to a Co, in Table I-1. For example,
consider the Fe which is first nearest neighbor ﬁo a Co. Three of

its Fe nn are N2 to the Co, 3 are N3 and one is N5. 1In the N2 shell,
three Fe are N1 to the Cb and three are N4, and so on. The hyperfine
field.shift ed an Fé in the nth shell to' a Co is the sum of the shifts
due to the momeﬁt chénge on the Fe itself plus the'change in the CEP
due to heighbdring momént chahges, including the impurity-atom itself. .

' 1 : |
For the Fe atom, i.e., Nlto a Co, then,

N1 _

HFe —90.5(Aul) - 12;1(uco ) _ : (1-6)

- uFe
—12.1(3Au2) +'3Au3 + AUS)

- 2.7(30uy + 30u,)

+ 2.4(3Au1 + 6Au4)

+ 0.6(3Au, + 60u, + '3A'u5 + 30u,)
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Table I-1. Occupatioﬁal distribution of the atoms surrounding an Fe atom
which is nearest neighbor to an impurity.

Nl. Shell Nn(imp) N2 Shell Nn(imp) N3 Shell Nn(imp) N4 Shell Nn(imp)

1C - . 3 Fe N1 - 3 Fe N1 . 3 Fe N2

3 Fe N2 . 3 Fe N4 6 Fe N4  : 6 Fe N3
3 Fe N3: . 3 Fe‘ N7 ' 3lFe N5
1 Fe N5 ' _ 3 Fe N6

| | 6 Fe N8
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Similar:expfessions can’be worked out for the hyperfine shifts for

Fe sites more distantvfrom the Co impurity; Based on tﬁis model,
spectra'were calculated varying the exponent, m (= 2; 3, 4) for the
moment perturbatipn,‘and varying uCo' Only 1/r3 moment'pertufbations
match the expe?imental~spin+echo.spectra at gll‘and a”value of uCo = 1.9
' 1,52

gives good agreement and is a very reasonable value.

3 . : .
For a 1/r” moment perturbation, the expressions are:

N1 ' _ i ' .

AHFe = =121.6 Aul - lZ.l(uC0 - UFe) | (I~7a)

ANV = 21062 AL - 2.7(n. - uo ) (1-7b)
Fe e BHy T e MlMes T Mpe | |

AN = 250.6 M. + 2.4, - u. ) S , (I-7¢)
“Fe 1 : Co ~ "Fe

. A = 22501 A, + 0.6(n. - u. ) : | (1-74)
’ Fe 1 Co Fe :

Aul is obtained from Eq. (I—2)‘using “Co = i.9 UB

This model seems to work quite well with the hyperfine fields
at‘the Fe éites. The consideration of the fieids at impurity sites
' Wifh.neighboring-impurities is of course a much more difficult'problém.
The model requires dilqte alloys, that is, only one iméurity in.the
surroﬁnding'shells to allow the-appro#imations~to héld, éVen though
the additivity assumption seems to be valid up to much higher con- .
centrations. It éan_be.used to‘calculéte the hyperfine fields at the
vimpurity sites in terms of the sum of CEP_énd'CP contributions, which
can be derived independently only ifvthe impﬁritylis extremely dilute.
The efféct of having a second impurity in tﬁe shelis'neighboring an
dmpurity iﬁself is very difficult to determine because of the

synergistic effects of each of the impurities affecting the moment



distributioﬁ;in.the Fe lattice, on each other, eté?_ In order to even
begin to approach thé problem in a fundamental,theoretical wav, it was
felt thét aﬁ.independent,'high resolution, unambiguOué detérmination of
the hyperfine field shifts ét the impurity siteévdué to neighbor
impurities wa$ required. Thus the preéentvwork, Qtilizing the method
of NMR on oriented nuclei, which gave promise of providing spectra
amenable to‘chh an analysis was undertaken. The resoﬁauces are
primarily in domains and are not seriously affected by the wall motion.
Thé tééhnique is extremely sensitive and allows the spectra to be taken
on very dilute impurities as easily as the more concentratedbsamples.
Nith carefulAsample preparation, it was felt that the resolution could
be ﬁade cbmbarable‘to or better than that of. the best spin-echo spéctra
for the dilutg alloys. A very:simple‘way of parameterizing the shifts
based on the‘data.and an extension of the model to the.iméurity sites

will be given .in Section IV.
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II. NMR ON ORIENTED NUCLEI

A. Nuclear Orientation

: TherﬁalveQUilibridm nuclear orientatiqn_is aéhieved by.couﬁling
the nuclear spin system to a fixed spatial direction by electric or
~magnetic fiélds. The substateé of énergy.Emrhave different”populatipns
givep by a Boltzmann disfribution function, and at temperatures where
(Em - Em+1)/kT is =1, a dégree of nuelear-qrientation fesults.

Several methodé of achieving the required energy splittiﬁg ate used,
inciuding the "brute forée_method”,54 requiring high_external.maghetic
‘fields; the use of hyperfine splittiﬁgs iri'paramagneticvions;ss_57
gnd the alignment_of_electronic spins which produces large internal‘

fields in ferro- and antiferromagn_ets.ss’59

The thorough review article
) , . 60 o . » B .
of Blin-Stoyle and Grace develops the theory of these methods in
some depth and the interested reéde: is referred to the article for
detailed information. Introductions to these and other dynamic methods
of achieving nuclear orientation, including'experimental considerations
: . . S . ) 61 .. . 62
are given in books and review articles by Daniels, = Jeffries,
s 63 ' 64
Shirley, and Lounasmaa, among others.
o ' 60 A v ‘ o
For the case at hand, Co in iron and iron alloys, the magnetic
Zeeman interaction is used to effect the population’distribution
at very low températures achieved by adiabatic demagnetization of a
paramagnetic salt. The Hamiltonian forvthis system'can'be‘simply
represented as

>

o = -ﬁ‘H _ . . - (II-1):
where G is the nuclear magnetic moment and ﬁ is the effective field

at the nucleus.
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The 2I + 1 spin degeneracy is lifted and the probability of a
given state being occupied in an ensemble of nuclei in thermal

equilibrium is given by the Boltzmann distribution function

: exp(—mgUNH/kT)

= = : (-2
P(m)_ % exp(—mgUNH/kT) ) (11-2)
m . »
60 A . . . .. L .
For Co in Fe, the hyperfine interaction is less than 10 mK, so
temperatures of ~this order are required to obtain a'éignificantly
unequal'population distribution.
The Y ray angular distribution function for an-ensemble of
thermally oriented radioactive nuclei is given by
kmax : _ .
W) =1 f E BkUkPkaPk(cose)‘ ' (IIf3)
: keven o, :

where N(G).is the intensi;y of radiation at angle O between the
quantization axis and the direction of the observed emiﬁted radiation.
The‘sum'is over even terms only, for parity conserviﬁg Yvﬁransitions.
'Pk(cdse) are thgzLegendre polynomials.

bThe Bk'S'aré the orientation parameters and contain all the

information regarding the temperature, hyperfine field; and other

external parameters.

/2 I Ik

B, = [(21 + 1) (2k +1)]1" m -m 0

. 2 -

) P (m) (11-4)

The Uk’s are angular momentum deorientation parameters associated
with unobserved preceding transitions. They act as an attenuating

factor in the préduct and are identical to those used in angular

correlation measurements.
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I+1-L (I, I, k _
(-1) (11-5)
I I L

' o ] 1/2
v, = [(21i F ;)(21 + 1)]

is the product

- For more than one preceding transition, the final Uk

of the individual Uk's for each transition.

o

The Fk's are the'angular distribution coefficients, again as

used in angular correlation theory. For single multipoldrity Y—ré&s

Fy (LLIIL,) -
I+I,-1 ' o | :
_ it 1/2 (L L. k)- L L k _
(-1) [k + D@1 + DI e (7 311 [ 1) (1O
' T TR . 65,66
These coefficients have been tabulated in several places, the

most convenignt of which is a paper by Krane.67

Tﬁe uppér indgx, kmaxiis determined By the spins of the nuclear
levels and by the multipolaripy ofuthe radiations. For initial state
Ii’ k < ZIi for tﬁe'B .

K For transitions from Iivto I, of multipolarity

L, the F, vanish for k > 21i or k > 2L. Thus for multipole order

k
L < 2; which is generaliy the case, only the k=2 and k = 4 terms
_need be cénéideredvfor Y transitionms.
Sincé the radiation detector subtends a finite solid.anglé,
an additibnal correctioﬁ for this attenuation ﬁust be made;' The solid
angle correction factors, Qk’ haQe been tabulated for sélid state and
’ Nai detectors:of various sizes and distances from the'source.68’69
The decay scheme for 60Co is given in Fig. II-1. The hyperfine
field is -287.7 kG in Fe and the nuclear moment is 3.754 nuclear

magnetons. The hyperfine splitting is thus 7.96 mK. The calculated

anisotropy Vs temperature curve is shown.in Fig. I1I-2.
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Fig. IT-1. 6OCo_ decay scheme.



.0

09

08

— 06

04
03
02

O.1

| | i I
6OCOE§' ]
L —
- 7
L —
|

Fig.

(K

II-2. <y-ray anisotropy for 6000 in Fe.

] 1 v
50 100 150 200

S
- 250

300

NBL Tnz 220

~LT~

e



-18-

B. &MR on Oriented Nuclei

The theory of NMR is well established .and its application to
ensembles or orieﬁted nuclei, developed in the late 1960's has been
fully discussed in the literature.70_74 NMR in ferroﬁaghets has.bcen
discussed, for example in review articles by Portis and Lindquist7
and Budnick.76 A full, rigorous and extensive treatment of radiative
detection of NMR in all its glory has been given by Matthias et 211.77
Only certain concepts germane to the experiments described herein
will be mentioned.

The effective field at the nucleus in ferromagnetic lattice can

be written as .

= + - ' T7]—
Hoge = Hpg + M +H - DM | - (11-7)

-is the Lorehtz‘field; H is the
hf app

applied external field and DM is the demagnetizing field. Generally

where HY is the hyperfine field, HL

an effective hff

eff o) -
th _—‘th + HL _ o : (11-8)

is reported and the magnetizing field inside the sample’is_Happ - DM.
As in conventional NMR, we can cbnsider a system.with a magnetic
. . ' . R , v . .
moment U = YI, a static field HO along the z axis and an oscillatory
. > o> . . i Re
field Hl(t) = Zchoswt along the x axis. The motion of p follows the
torque equation
->

5> > ) e .
a—% = YuxHo (11~-9)
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precessing around H_ with frequency w_ = YHO. Trénsforming'info

the Larmor frame, Ho disappears and ﬁ no. longer précesses abbut the
z axis.‘ The oscillatory field may be resolved into its left and
right ciréularly polarized,compénenté, and the éomponent with the
correct sense in the Larmor frame will be a constant field aloﬁg the
x axis. The resonance is understood as.a precession abouﬁ this Hl
field through‘an angle ~m/2, inducing.transitions_between [m) levels.
Thevresonance is observed as a partial destruétioﬁ of the y-ray
anisétropy:due to the disruption of.the thermal equilibrium.popuiatioﬁ
diétribution, monitored as a function of rf frequency. The power’ |
requirements_for causing sufficient transitions to create an observable
reduction in fhe aﬁisotropy are such that‘Hl must be sufficiently large

that wlTC =1, where-w1 = YHl and TC is the correlat;on Flme Tl or Tl/2'

Hl at the nucleus is enhanced by the hyperfine enhancement factor, .

n,

n=14+4 th/Hap (11-10)

P -

since the electron magnetization can follow the . rf and acts-on the

nucleus via contact interactions. Thus

eff _ _app _ - ' app - B _ b_
Hy = nH; 1+ th/Happ) }11 5 | (;I 11)

The natural linewidth A = 1/T2‘E lO—2 Hz is not attainable and.
inhomogeneous broadening normally results in linewidths of the order
lO6 Hz. At any one time, the rf induces transitions only within a

bandwidth A and the rf must be modulated over a much larger bandwidth,

at a rate faster than T,; thereby involving many spin packets of

l"
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width "'l/T,2 in order to have an observable resonaﬁt destruction of

anisotropy. VariOus considerations of modulation frequency, width,

power”requiremedts,'etc, have been discussed by Barclay.
Fdrtﬁnately,vthe enhancement is just SUfficienf'in many cases

to allow the'éxperiment to be performed at external:ff power levels

(mG) whicb do- not cadse excessive éddy-current heating of the cooled

'sample'and.qther parts of the cooling apparatus. _Of course, in the

attempts to fesolve satellites in tﬁe alloy(spectra'in this study,

the modulatiéntwidth had to be kept below the inhomogeneously broadened

linewidths, otherwise details of the spectra would have been lost.
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III. EXPERIMENTAL

Tﬁe'demagnetization cryostat (seexFig, III-1) and rf systém were
simila; to- those usgd previously in this laboratory,78—'80 with certain
modifiCatiOns in design and technique which will be discussed below.

| A. Dewars

The helium dewars consisted of an outer 10 in. diémeter aluminum
tube for thé 4° batﬁ, separated ffom the inner 1° bath' (4-1/2 in. dia)
- by a vacuum space. The outer vaéuum jacket contained layers of
éluminized mylaf ”superinsulation” to reduce the heat leak from room
.teméerature, as no.liqnid nitrogen bath wag used. The 1° bath was
pumped down to a pressure of 30 to 100u (less than 1K) by a 1250 cfm
KinneyAboostervpump. |

,‘B' Cryostat

The cryoétat itself qonsiéted of the_pi11>container constfugted_
from 0.035 in. wall stainless steel tube; 10 in. long with upper
and‘lower flanges permitting super—ieakrtight connection to the 1-1/2 in.
pumping tube above and to a removéble tailpiécé below; Radiation
baffles wére soldered inside the pumpiﬁg tube just above the pill tbp
flange and at a point about‘half way up; One-sixteenth in. indium °
wiré‘b-rings were uéed'for both the 4 in. ﬁop flange and fof the 3/4 in.
flahge at the tailpieéce. Care must be»exefciséd in:the cqnstrucﬁion
of the O-rings ffom the wire, and the use of a torque wrench (20in.-1b
on 6-32 hex head écrews and 30 in.-1b on 8;32)vensures that even and
consistent-preésure.is applied all around. Not a single leak was
encountered in over 3 yeafs Qf work, invoiving dozens of cyclings to

room temperature for disassembly and reassembly for sample changing
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and fepair.. The tailpiece hed a Kover to pyfek graded seal;awith the
bottom eection being glass to éilpw the rf to penefrate to.the sample.
H | C. Magnets -

The main eoolidg sdlenoid was'suspended in the 4° bath and was
normal}y run at I = 105 amps (calibrated 363 gauss/amp). It could
be raised by a block and tackle arrangement after completion of the
demagnetization;to reduce the residual fields (locélly up to several '
hundred gauss).from the region around the pili and to reduee interference
with ﬁhe photo;mgitiplier tubes in the'detectors. The poiarizing
magnet,va superconduéting pair, was mountedbon the bottom of the
cryostat in the 1° bath and could be eharged to a maximum of 20 amps -
(200 gauss/amp).

D. - Pill Assembly

The pill (Fig. III-2) consisted of three majof parts: (i) an upper

. CrK(So -12,H20 (CKA) guard pill with en_annealed ETP.0.005 in. copper

4)2
outer Cylindervwith contact fins embedded in the slurry. The cylinder
extended down arouhd the outside of the main cooling pill and acted as
a heat shield and cryopump fof residualygases during demagnetization.
The"tdp cover and base insert were machided from 1/4 in. NEMA G¥10._
epoxy-fiberglass.

(ii)ﬂTh? central CeéMg3(NO3)12'24 HZO.(CMN) cooling pill made
from mylar and NEMA. Twenty 0.005 in. Cu fins teperiﬁg.to a silver

soldered stalk passing through the bottom were embedded in the slurry,v

providing indirect thermal contact for cooling the sample.
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(iidi) Ihe lower CKA_guard'and support pillvwitﬁ a‘copper féil
ﬁube'extending through the bdttom, écting'as_a heat shield for the
inner cobling stalk.

The élu;ries were made from fréshly prepared‘crysta;s of the
'salts, ground in a ball miiiraﬁd sifted, using only thdse.particles
passing through #50 screen for CMN and #30 screen in the case of. CKA,
and mixing to the cohsistency of a stiff pasté with‘glycerol (for CMN)
or a 50:50 mixture of gycerol and saturated aqueous solution of the
salt (for CKA). All'joints in the slurry pontainefs were made leak
tight with Shell Epon 828 reéin and Versamid 125 Catalyst. The
.support legs and spacers were made from 1/4 in. diameter ATJ or YU-60 .
graphite rods, reducedrin diameter with the middle to 1/8 in. The
slurries were replaced Several.times during the course 6f the expérimeﬁts-
since they tend to degrade sligﬁtly after many thermal éyclings. |

Thirty U of_3He was used as exchange gas-to provide initial
thermal contact between the 1° bath and the salt pills. This permits
very quick pumpouts and the expense is quite minimal.as only a few
cc-atmospheres are required for each run.

E. Rf stfem

Rf power at the sample position was préVidéd by a 2 turn coil of
#24 Cu wire embedded in a support formed of casting resin which fit
snugly around the.glass tailpiece at the”level of the sample.
Immediately adjaceﬁt to the power coil was a similar pick-up coil used
to monitor the rfrlevei at the sample. The-relation‘between Hl at the
sample and the field measured by the pick—ﬁp coil was calibfated uéing

a small probe coil prior to assembly of the apparétds.
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A schematic of the system is shown in Fig. III-3. A Willtron
610-B rf generator providing ~1 volt (peak—to—peak) with intcrnal
frequency modﬁlation, was modified to allow greater sensitivity In the
FM bandwidth settings and to permit the frequency to be swept by an
beXternal slow speed motor and gear box arrangément. A Hewlett Packard
5245L electroﬁié'countgr'with 5253B frequency converter was used to
monitor thevcarrier frequency and to check the FM,baﬁdwidtﬁs. ‘Normally
a field of about 1 to 10 mC (p-p) was applied.withvan'FM bandwidth of
from 150 to 500 kHz, sawtooth modulated at 100 Hz. Low concentration
. spectra uéed.a narrow modulation width, giving good,fesolution with
good statisﬁics, while higher widths were necessary to improve the
signal to background ratio in the more concentrated samples.

The signal applied from the oscillator (through an amplifier or
attenuator) and the sighal from the pick-up coil were monitored on a
Tektronix 661.0scilloscope with 4351 dual trace sampiing unit and 5T3
timing unit. -Tbe éickup and power coils were connécted by gold-plated
pin plugs to 0.141 in. stainless steel semi-rigid 50 ohm co-ax, |
specially made Qithva silver coated stainless steel cqndﬁctor instead
of the normai Cu. ‘This reduced the‘heag leak to the 1° bath considerably
and allowed lower bath pressures to be achieved. The.ieads passed
through vacuum feed-throughs on the top flange of the.cryostat and,
external td'thé‘apparatus, 1/2 in. Superflexible Heliax cable type
FSJ4-50 was used. The entire dewar and pumping system was grounded by
4/0 Cu cable_fo the main electronics rack bus-bar which was directly
connected to a ground pad, buried outside the buildidg. During resonance

runs the rf generator, frequency counter and sampling scope were floated
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frbm'the normal ground and grounding of the entire rf system was
achieved soiely through the rf cable shields. This system and these
precautions allowed exceilent performance with no significant power
resoﬁances in the frequency range of interest iﬁ the coils chosen for
use in the experiments. With construction of suitéblé COilé, it would
be possiblevto usé‘the arrangement for frequencies up to 1 GEz or more.
No‘degradatioh of the sinusoidal waveform wés apparent as shown in
Fig. I1I-4 for 150 and 500 Mz. -

During é resonance run, the frequency was swept slowly through the
resonance region at a rate of about 3 Miz per hour.:és a multiscaler

60 e '
accumulated Co Y-ray anisotropies as a function of frequency.

F. y=~Ray Counting System

Shownvschemgtically in Fig. III-5 is the eléctfonics system used
for the NMR/ON experiments. Signals from é 3 in.x3 in. Nal detector
located at 0°vor 90° with respect to the polarizing field were pre-
amplified and sent to a high rate linear amplifier.. The single channel
analyzer window was open to both the 1173 and 1332 keV Y's since they
both have thévsame anisotropy and counts from both peaks could be used.
A Packard model 16 or TMC model 1001 Qas used in multiscaling mode
to accumulaté éoﬁnts in order to monitor the temperéture and to accumulate
Vthe resonance spectrum. In some iﬁstances the entire yY-spectrum counts
were stored. in the multiscaler‘és a function of frequency, or the full
spectrum recorded using an ADC with a PDP-7 computer and stored on magnetic

tape for subsequent analysis.
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G. Sample ?réparation
" The advaﬁces made in sample préparatidn_during the course of these.
éxperiments have made significant contributions to the resolution in
the specfra, The usual-methods.for making NMR/ON sources have been to
makevvery thin foils (about 1y) by succeésive rolling and annealing

stages after either evaporating the radioactive trace impurity on the .

78,79

surface; feducing and diffuging under H,, by direct or back-
scattering implantation following a nuclear reaction,81 or production
in situ in an accelerator. Some early work in single cfysfals of Fe
seemed to indicate that such narrower 1ine$ could be obtained in a
single crystal.73 Unsuccéséfui attempts were made at the metéllography
lab in MMRD and by several commercial suppliers of metal single crystals
to grow crystals of the dilute alloys. |

One of the significant contributions/to'the line broadening must
be the variation in the demagnetizing field throughout the sémple.‘ In
a thin foilvit is impossible to keep ;he wrinkles down even to the same
magnitude as the thickness of the foil. Thus nuclei in a part of the
.foil oriented at some angle out of the plane of the polariziﬁg field
may well see a different net field than nuclei in ofher parts. A 1%
CoFe spectrum from é'foil preparedvin this way is shown.in Fig. 11I-6.
Only a broadening to high field is noficeable. Kieser ét a1.82 noticed
a narrowing of thé linewidth in the GOCOES resonanée as they reduced
~ the external poléfizing field, and attributed this to a reductidn in
the overall variation in the demagnétizing field. It is likely tﬁat
some of the‘improvement in the_linewidths in the singlevcrystal fesonanées'

was also due to the surface polishing the samples received.
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‘Tﬁe félléwing method evolved for the production of the samples
used in_thisfstudy. It was felﬁ-that if surface irfegularities and
damaée'cogld be reducedvsignificantly below the rf skin depth (a few
microns), the ﬁuclei would have a better chance of seeing a more
homogenéousvfield. Variations on the method‘might'well be useful

" for other NMR/ON experiments whereinmrovea_liﬁewidth'or resolution is
desired. |

(i) 'High purity starting materials--99.95+% 0583 and Ni84 and
99.999% Fe;—sarwere cut and weighed before melting in an Argon arc

: furnace;sé vThé ingot was turned and remelted several times to assure
homogeneity,-thén weighed again after cooling. 1In all samples uséd,
losses were less than a mg in sample weighing 1 to.2 grams.

(ii) The ingots were annealed under vacuum or 1/2 atﬁ of H, at
1100°C for approximately 1 week.

(iii) The beads were soldered to rods and a,mathined down fo a

~cylindrical diameter of 1/4 in.

(iﬁ) Abppbximately 0.020 in. thick discs were éut on.an isomet8
slow speed.diamond saw which produces discs with parallel faces and
fairly goéd sﬁffaces.

(v’ Tﬂe discs were mounted in "Koldmount”Sévto facilitate handiing
and mechanicéliy polished through a series of abrasive papers: 240 grit,

.O,’OO; 000 aﬁdfOOOO turning through 905 each time’to ensure removai of
| the.damage layer from the‘prévious paper.

(vi) Thé'samples were than polished Qith 61 diamond paste with

kerosene as a lubricant on a canvaé covered lapping wheel, turning at
several huhdfed’rbm, for several hours.  The samé_tréatment was repeated

using 1y polish.
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(vii) Finally, mirror smooth surfaces were obtained by polishing
. . . . 87 . . . .
for periods of up to 1 hr in a Syntron vibrating polisher using a

0.05y AlZO' and lapping oil slurry. This gives a smooth, flat, pit

3
free surface. Electropolishing does not improve the surfaces for these
purposes as ‘it results in a wavy or pitted surface unless very carefully
controlled.

Q

(viii) 60 CoCl solution,8o

9 after clean-up on an ion exchange

"column was dried on a leached planchette and the residual HC1 was
removed by repeated washing and drying cycles. The activity was
electroplated onto a small platinum coil from a very small amount of

NH,OH at pH 10, with a bias of 2.2 volts. Using the hot Pt coil as

4
an anode and again using ammonia as the electrolyte, approximately 10

to 50ucCi of 6OC0 was plated onto each'sampie which was then sealed

in a quartz tube under 1/2 atm of H

2 and the activity diffused into

the sample
The diffusion must be carried out below the a-y phase transition,
as the 'smooth surface can be destroyed by microcrystal reorientation
in going back and forth between the phases. - This poses no problem
for the CoFe alloys as the a-Y transition temperature is relatively
. ' ... 89 .

-constant with alloy composition. For the NiFe alloys, however, the
transition temperature drops rapidly with increasing Ni concentration
and the diffusions had to be carried out for long periods at low

. . . . . 60 . 90,91
temperatures. Using the diffusion coefficient for Co in Fe™ 7’ it
was calculated and found practicable to diffuse the CoFe samples for

~15 min at 850°C, while up to 30 days at 700°C was used for the

3.645 NiFe samplés. After the diffusion step, the samples were annealed
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for 24 hr at 600°C followed by a slow (50°C/hr) cQoling to room
- temperature. | |

It might:be pointed out that the enthalpy of solution of hydrogen
in iron is positive and thus it is extremely inéolﬁble.92 Some of.

the samples were prepared using H, in the annealing stages and some

2
were in vécuuﬁ (10_7 Torr). No effect on the spectra was observed.
(ix) The samples were attached to the céld fin of the CMN pill
using Pb—Sﬁ or Bi-Cd eutectic solder. The surfaces were protected
throughout witﬁ a layer of laquer or by being laquered face down to

a small quartzvplate, which could in fact be left in place during the

experiment.
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IV. RESULTS AND DISCUSSION - ‘
The MMR/ON spectra for 0.56, 0.97, 1.93, 2.94 and 3.77% Core
and 1.11, 2.09 and 3.6&Z'Ni£g are shown in Figs. IV-2 through 1V-9.
Tﬁe fits and ségellite as#ignments for thé.lower coﬁcentration,alloys
are given in Tables IV-2 throdgh_IV—G adjacent to the spectra. Details
of the methodé used to obtain‘the data and various considerations
in the assignments will be diséussed below.

-A. Statistical Distributions-

For a random distribution df impurities in the alloy, the prdbability
that n of N sites in a particular shell will be oécupied by the impurity

can be expressed as

p(nfx) =.ET?EEé“HTT Cn(l _ C)N—n (1V-1)

where ¢ is thevimpurity concentration, Fig. IV-1. In fhe analysis which
follows,‘only'the first four‘shells will be conside?ed as the Sth and
6th shells in thé becc alloy have only 8 and 6 sites:;espectively and
they are expected to cause only small perturbation§>in the moment and
hyperfine field»distributions, evident only as an increésed b;oadening.
The notation used for representing the configuratibns is asufollows.
The number of impurity substituents in each of the four shells
surrounding an impurity site will be given in the form (nln2n3n4 .
For example; (0110) means a Co site with no impuriﬁy in the first '
neighbor shellb(Nl), one impurity in the second shell (of 6 sites), one
in the third and none in the fourth, etc. The probability of a given
configuration ofvthe first four shells is the product of the individual

P(n|N). Table.IV—l gives the calculated intensity ratios, normalized



Shellno. ~ No.sites  Distance/a,
L | 8 - J372
2 6 o
3 12 V2
4 24 V72
5 8 /3
6 6 2

| 'Prob.dbi,llity*of n sites out of N being occupied

N |
n!(an)!

~ c=impurity concentration

p(nIN) = ¢ i'4¢)N’"

NXBL 762.2285

Fig. IV-1l. Body-centered cubic lattice sites.
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Table IV-1. Normalized statistical intensity ratios.

Configuration 0.56% 0.97% 1.11% 1.93%  2.09%
' (0000) 1.000 1.000 .000 1;000 .000
(0001) 6.135 0.235 .269  0.472 .512
(0002) 0.026 | .035  0.107 .126
(0003) 0.015 .020
(0010) 0.068 0.118 0.135 0.236 256
- (0011) 0.028 .036 o.ilz 131
© (0012) - 0.025 .032
"(Oozo)' -0.026 .030
:(0621) 0.012 .015
| (0100) 0.034 0.059 .067  0.118 .128
(dibl) 0.014 .018  0.056 .065
(0102) 0.013 .016
(0110) 0.028  0.033
©(0111) 0.013  0.017
_(1000) 0.045 0.078 .090 0;157 171
(1001) 0.018 .024  0.074 .087
(1002) 0.017 .021
1 (1010) .012  0.037 044
(1011) 0.018 022
(1100) 0.019 022
(1101) 011
0.011 .013

(2000)
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to the (OOCO)-pfobability for concentration ub to 42%.. Only those
configurations;having a normalized statistical probability éfeater
than 0.010 are given. For the moreiconcentratéd samples, many more
configuratidhs”contribute (e.g., 54 configqrations for the 3;772
alloy with tﬁelabove criterion) and meaningful assignments are not
possible. In'these caées the fits were done simply'to provide an
estimate 6f the total integrated areas, eSpecially.in the'maiﬁ
sapéllité reg;on,
Raw data from the multiscaler output were correqted for the
background anisotropy change due to the grédual{warming of the sample
during thé rgsonancé sweep. vThe fits were perforﬁed using deconvolution
programs SUNhER and GAMET on the Lawrence Berkeley‘Léboratory CDC 76OO
cdmputer. Allowed parameters afe FWHM, centroid position, areas,
vbackgfound slope, etc. Various parameters can be fixed. For example,
"widths within a gfoup of peaks could be requiréd'to be a certain
value, or merely required to have all the séme width; areas or area
ratios may be fixed, splittings can be specified;.béak shapés can be
Speéified-fwﬁether Gaussian, Lorentzian or a mixturé;'etc. Moét of
thése sophisticated capabilitieé were not used and tﬁe routines. were
given cbnsiderable freedom to fit the data. Gaussian liﬁeshapes were
used’throughouﬁvas the inhomogeneous brdadening factors are expected
to be essentiélly random in nature. Some fifs were made using
Lorentzian lineshapes, or Gaussian-broadened Lorentzians, but the
matches to thé.experimental data were not satisfactory, as wouid-be

expected since the inhomogeneous broadening is by far the largest

contribution to the linewidth.



B. Spectra and Considerations in the Fits

Initial fits of the most dilute (0.56% and 0.97%) CoFe spectra
allowed a shouider on the high frequency side‘of the main peak, a
doublet in the main satellite and a peak to low frequency. The only
restriction placed on the fit was that all the widths be the'same.

There is no a briori reason for the widths to be the same, and, in

fact, dipoiaf brbadening is expected to affect thevnearest neighbors
significantly, but it is a reasonable starting'poidtq ‘"The peak that

was fitted tp thé high frequency shoulaer of the main line had intensity
which Qas very close in-almﬁst every case to fhe predicted intensity for
an N4 substituent. This is in agreement with most of the assignments
from spin—échq spectra for the Fe sites; beyond the fifst fits this

peak are# ratio was fixed to the statistical probability to speed
convergence and reduce the number of ffee fit parametefs. The main
satellite wasICOnsistently fitted, with fﬁll freedom to a doublet

whose intensity ratios were very close to 2:1 as would be expected

for N3:N2, but with slightly more intensity comparea to the mwain,
unshifted 1ine,fthan predicted. The peak to low frequency»was, therefore,
assumed to be due to an Nl substituent. Improvement in the fits was
obtained if this low field satellite was allowed to broaden,
indepeﬁdently of the others, and the program consisﬁently converged

on widths about.l.S times as great as the main line.

The spectra, area ratios for the peaks, their frgquency shifts,
and widths are given in Figs. IV-2 to IV-9 and adjacent Tables 1V-2 to IV-6,
except for the more concentrated samples where the multitude of

configurations contributing intensity make assignments meaningless.
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Table IV-2. VFits for 0.5640 CoFe.

Peak ~(D000)  (0001)

(1000)

(0002) - (0010)  (0100)

Frequency (Miz) 165.28  165.82 = 167.31 167.63  164.24
shift (Miz) ' 0.00 0.54 — 2,03 2.35  -1.04

+0.02 - £0.08 . +0.19  +0.08
Intensity Ratio 1.0 0.135% - 0.095  0.044  0.041
FWHM (Mdz) 0.752  0.752 = -- 0.752 ~ 0.752  0.999"
*Fixed;
| others.

rAllowedAto vary, indepéndent of the
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Table IV-3. Fits for 0.97 CoFe.

Peak 1(0009)  (0001)  (0002)  (0010) - (0100) (1000,
Frequency (MHz) l65.b5 165.62 - 166.99 167750 163.83
shift (MHz) 0.0 0.57 - 1,94 2.45  -1.22

; | +0.01 ©$0.03  %0.05  #0.06
Intensity Ratio = 1.0 0.235* -= 0.160  0.092 0.072
FWHM (MHz) 0.779  0.779  -- 0.779  0.779  1.14™

*
Fixed.

*k
Alloyed to vary, independent of the others.
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Table IV-4. Fits for 1.93% CoFe.

Peak S - (0000)  (0001)  (0002)  (0010) ‘_(olod) (1000)

Frequency (MHz)v 165.13 165.67 166.20 -167.12 1167.68 164.48%

Shift (Mz) 0.0 0.54 1.07 1.99 2,55 -0.65+
| £0.02  +0.05  *0.04  *0.05.

1.

Intenmsity ratio 1.0 0.430°  0.100°  0.336  0.294  0.055%

FWHM (MHz) 0.867 0.867 0.867 0.867 | 0.867 0.867

Considered unreliable--not used in average of shifts or rest of analysis.
See text.

.’.

Fixed.
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Table IV-5. Fits for 1.11% NiFe.

Peak (0000)  (0001)  (0002)  (0010y  (0100)  (1000)
Frequency (MHz) - 165.24  166.03  167.23 168.28  168.97 167.23
shift (MHz) . 0.0 079 199 3.04 . 3.73 . 1.99%
£0.01  %0.13  £0.08  £0.10  +0.13
Intensity ratio 1.0 0.269"  0.035% 0.129' 0.104 . 0.068%

FWHM (MHz) - . 0.995 - 0.995 0.995 0.995 - 0.995 0.995

% . .
(1000) and (0002) in approximately the same position, and intensities
sum to peak shown.

.1.

Fixed.
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Table IV-6. Fits for 2.097% NiFe.

Peak A (0000) (0001) (0002) (0010)

Frequency {(MHz) 165.03 165.94 167.11 167.86

Shift (MHz) 0.0 0.91 2.08 2.83
+0.03 - +0.06 +0.06
Intensity ratio 1.0 0.512" 0.126°  0.331

FWHM (Miz) 1.46  1.44 1.44 1.44.

(0100)
168.87
3.84
10706
0.302

1.44

(1000)

Fixed.
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Fig. 1IV-10 sho&s the experimental and theoretical main satellite
intenéities for the more dilute CoFe samplesjy considering the most
significant configurations.
As noted above, if the assignment of (0010) and_(OlOO) to the
main satellite is correct, there is more intensity hefe than predicted
for a statisﬁical distribution. One another possibility is to
interchaﬁge'the (0100) and (1000) assignments. This Qould require
the (0100) to be the origin of the broad low frequeﬁcy peak and such
a rapid oscillation in the field shifts is not reaily‘expected. The
dipolar broadening expected for the N1 shell supporfs the assignment
of the low frequency peak to N1 since it is consiégéntly yider than
the resf of the low concentration alloys and in fact is not statistically
significant at all in the more concentrated samples, presumably beingb
broadened into the baseline or'lost in the statistics; Putting (1000),
(0100) and»(OOlO) all in the satellite and having N5 or N6 shifts
negative is alsd possible, but the shift of the 1OW'fréquency peak is
‘too great for this to be a viable‘alternative.
There is insufficient intensity in the main safellite to account
for all of the (1000), (0100) and (0010) configurations, especially
in light of several poinﬁs to be discussed below. for example, the
0.56% sample haé'a normalized intensity of 0.139 in the satellite
while at least 0.156 would be required if (1000), (0100), (1000)
and (0011) are all shifted into this region.
It may be recalled that much of the spin~-echo and Mossbauer wérk
on.thé Fe alloyé showed far too little satellite intensity compared

to the later studies, and that this had led to much of the confusion
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in the assignments for the Fe sites. It is not too difficult to
explain away attenuated intensities, but more intensiﬁy than expeéted
must be rationaliéed. |

Several aspects of the NNR)ON technique must bé considered. First,
of course, is the fact that the amount of anisotropy destoryed is not
necessarily>a linear function of the number of nﬁclei involved at a
"particular frequency. The resonance'saturatés at a level below full

. . N . )

isotropy and this would lead to a reduction in the amplitude of

large peaks compéred'to small peaks. This is only‘of real significance
if the amount of_anisotropy destroyed is a consideréble fraction of
that available. In all but the lowest concentration CoFe, sample

the maximum resonant destruction is less‘than about a 10% effect so
this aspect can probably be_neglectea.

\ bonfigurations such as (0101) and (0011) wiil.produce intensity

in ;heisafeilite But will be véry insignificant for'low.coﬁcentrations
ds seen in Table IV-1.

The concentfations of the alloys are well known and aésumed
homogeneous. Howevef, the addition of the 60Co and whatever carriers
may notihave been removed in the cleanup procedure may contriﬂute
tb.the impurity.concentration. A sample prepared in the same manner
as thelalloys, but consisting only of 99.9997% Fe plus the 60Co piated
onto it showed no satellites in the resonance and only a very slight
high field shoulder which is probably due to relaxation effects ori
possibly a qﬁédrupéle term in the hyperfine Hamiltonian. This latter
point will be discussed below. Incorrect concentratiop, however, can

probably be eliminated as a source of the intensity..
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There is, however, a chemicél-efféét involved iﬁvthe alloy
preﬁaration. Froh a chemical point of view, Co and Fe (and Ni)"
‘are different species and in the production of the alldys it is
reasonable that the Co either wquld'rather'héve nearest neighbor
Co's or it wodld_rather not. Near 50%, CoFé forms a CsCl suﬁerlaﬁtiCe’93
with éifernating Cb‘énd Fe sites, suggestingvthat the latﬁer ié the
casé; This was pointed éut by Weftheimzévwho prepared samples by
quenching tapidly fo prevenf ordering, and has Been observed by
Khoi et al.21 in some spiﬁ—echo studies of three component systems.

' 94 .
Burch et al. noted that impurities in Fe_,Si alloys always tend to

3
go into one of'thé two possible Fe sites which is presumably energetically
favorable. The long anﬁealing étages and diffusion at moderate |
temperatures might well permit such o;dering ?n the'élloYs in this

series of experiments. i

Thus if the ﬁearest neighbor to an observed 60Co'i s more likely
té be an Fe than in a fully random alloy; the N2 and N3 sites might
Be slightly enficﬁed, accounting for the observed increased’inteﬁsity.
In addition, the weak le field satellite assigned as due to”Nl in
theACogg spectra is slightly weaker than would obtainAfrom a statistiéal
.distribution, but the counting statistics make deﬁailed analysis of
thié point a bit unreasonable.

It is clear, then, in view of all these effe;ts, that the 1ow.
field satellite is a broadened peak d@e to an N1 ‘substituent in.the-‘
CoFe alloys.

A loQ frequency peak was allowed in the fits for all the speétra,'

including_thefhigh concentration CoFe and the Nigg»sampleé where no

\
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significant "intensity was noted. Figure IV-7 for the 1.11% NiFe

sample shows only a very small low frequency satellite which is not
realiy separable'from the main line. There is, however; considerable
intensity betweeﬁ the main line and fhe main (0100) and (0010) satellite
which is attribﬁ;able to the (0002) plus (lOOO)Iiﬁ Nigg, The change
~in sign of the hyperfine fieid shift for the'Nl substituent is not
unreasonable éince ﬁhe shifts are highly seﬁsitive to the radial
‘distances and'theAhypérfine-field shift'"node“ seems to occur between
the N1 and NZ positions iﬁ CoFe.

The Niﬁé spéctra, coﬁsistent with-assigning a positive N1

frequency shift, show‘total shifted-intensities‘(0.759 for the 2.09%

and 1.84 for the 3.64%)'which can only be accounted for by inéluding

the (1000) and (1001) andlsimilar configurations with high frequency
shiftsf(totaling 0.84 and 2.05 predicted iﬁtensitiés, fespectively,

for the moSt Signifiéant configurapions). In addition; the deconvolution
roufine, with'the signal to noise ratio.available in these rums,
repeatedly abnégated‘the exisfence of a low frequency satellite in the
high concentratién NiFe runs. Figure IV-11 shows the.total experiméntal
main satellite intensities for some Nifé spectra and. the predicted
intensities for the major configurations with shifts at these frequencies.

The higher concentration CoFe spectra clearly sﬁow weak, further

shifted sétellites with intensities épd shifts which éorrespona roughly.
to those expected for configurations such as (0110),.(0111), (oozb),

and varioﬁs other "higher order" weak configurations. These are in

qualitative agreement with the additivity assumptions.
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For concentration much above 1% of course, the asaignments pretty
much fall apart due to the increased probability that_other configurations
enter into aonsideration. The only attempt to take this into account
was the adjuatmeﬁt of the fixed (0001) and (0002) intensities in the
ngg spectfa by considering that a (1001) configuration.would give

v . - “
ampli;ude.in an essentially unshifted position and coptribute to the main
line.

In the,higher concentratian spectra, the broadehing expected due
to the contriﬁation of many weaker configurations,'ahd the worsening
signal to noise ratio precludes the assignment of peaks to particular
configurations and the Gaussians shown in the spectra were fitted
mainly to provide information regarding the total integfated intensity.
Thus it is only for the more dilute alloys whera a clear picture of
the relative intepsities, and reasonably unambiguous assignments can
be made, that fhe hyperfinevfield shifts dae to neighboring imparities
have béeﬂ calcqlated. The shifts are given in Table iV—7 and are
plotted as a function of position in Fig. IV-12.

C.  Quadrupole Effects and Fast Passage Experiments

Now, to return to the consideration of quadrupole.effects,

95-97

Callaghan et al. have shown that the existence.of a nuclear
.quadrupole interaction, which requires a finite elastic field gradient
at thevnucleus can be detected by NMR/ON in cubic matefials. The
field gradients might arise from the’afrangement of the‘neighboring
ions or from tbe elactrons on the particular ion itself, if there

remains some unquenched orbital angular momentum. This is generally

assumed. to be quenched by the cubic crystal fields'although for high
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60Co hyperfine field shifts.
_ Substituent . MHz H (kG) | '
. coFe
. (oooD) 0.56%0.03  -0.98%0.05
© (0010) 1.98:0.04  -3.41%0.07
(0100) 2.48%0.10 -4.28+0.17
(1000)  -1.08+0.13  +1.86+0.22
. NiFe
(0001) 0.85:0.08 =-1.49%0.14
(0010) 2.94+0.15 -5.14¢o;26-.
' (0100) 3.79+0.08 -6.6310,14
(1000) = 1.99%0.13  -3.48+0.23
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Z impurities, such as Au or Ir, orbital contributions to the magnetic

98,100 The proximity of

hyperfine intéraction have been #epérted.
vacaﬁcies,'lattice defécts, and magnetostriction effects could break
‘the cubic éymﬁetry and give rise to nonzero field gradients.

To observe the effect in the NMR spectrum in the usual methods
as used in this study of the alloys, the quadrupole term in the
Hamiltonian would have to be quite large, perhaps 10-207, with respect

. 1 . .

to the inhomogeneously broadened linewidth and to ;he FM width,
otherwise'trqnsitions between the upequaily-splitilevels would still
be pdssible; jHowever, if a single fast passage sweep is made through
the resonancé, with no frequency modﬁlation, a cfclic inversion of
populatioﬁs can occur. This results in a sweep direction dependence
of the response, since the time evolution of the orientation parameters
after passing through resonance is highly sensitive to the initial
perturbed'sublevel population. Callaghan et al.101 have shown the
results for such single passage runs in 60Cq§g foils with residual
FM less than 100 Hz bapdwidth. There was a considerable sweep
direction dependence. The experiment was.repeafed’in.the apparatus at
Berkeley with virtually identical results, using a oséillator with
stability of about 1 part in 168. The Oxférd groﬁp also did the fast
passage run with an FM of 20 kHz and observed no sweep direction
dependence, from which it can be concluded thatlphé quadfupole term must
be smaller'théh this. For 198Aq§g, very large sweep direction
dependenées could be observed, from which a P = 0.21 MHz could be

explicitly caléulated.99
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We have doﬁe the fast passage experiment on a'l%;Cogg sample
(Fig. IV-13) and again see results almost identical to those of the
"pure" sample and conclude that the quadrupole term, while pfesent
is much 1éss than the linewidths, and is not significéntly altered
.by fhe hiéh impurity concentrations. It can, therefore, be neglected
in the éonsideration of the alloy specﬁra obtained using slow sweeps and
several hdndred‘kHz FM. The results also suggest that the origin of
the quadrupoievterm is probably due to somé unquenched orbital angular
moﬁentum on ﬁhe Co site since the high impurity éoncentration would
quite dtaStically change any effects arising from crystal fields
themselvés;,defects,_etc, and this is not observed.

In a pure»polycrystalline sample.of Fe (Fig.yIV—lA) a small high
‘fieid shoulder is observed, which may have a contfibution from the
quadrupole term, but is probably'due more to the finite spin—léttice
felaxatién time compared to the sweep rate. The'resoiution in the
alloy spectra is such that these effects would only lead to a slight
Additional'broadening.

Future studies of alloy hyperfine field distributions should,
ho&ever; take account of the'quadrupole tefm in the Hamiltonian if
definitive conclusions are to be drawn.

D. Comparison with Model Parameters

In terms of the Steérns.model parameters discussed in Chapter I,
the hyperfine field shifts at the impurity sites can be compared

to those at the Fe sites as follows, where, for CoFe:
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L - th L
AHn = the s CEP. due to the n shell in pure Fe
_ An'E increase in the Fe momént in the nth shell surrounding

a Co atom

‘O
i

. : ) ~th ' .
increase in the Co moment in the n shell  surrounding

a Co atom

= shift in Co hyperfine field in the nth shell surrounding

g
22
Q.2
oo
~
Q
Q.
~
I

a Co atom

shift in Fe hyperfine field in the nth shell surrounding

B
=2
s I
[ =
—~
Q
©
~
]

a Co atom

Then
| AHg:(Co);= (H, + BH ) (8 =.5) + DHZO(Co) (1V-2)
| From Stearns' Paper This Work
_éHEi(Co) = -4.6 kG AHgi(Co) ='+1;9 e
Augi(cO) = -6.5 AHEi(CO) = 4.3
AHEZ(CO) = -4.3 Angz(po) - 34
Ag?Z(CO) = -1.9 Augg(co) - -1.0

_The assigﬁments of Stauss,20 to admittedly rathef poor spin echo
spectra were (correcting the sign) 4.0, ;3.6, -3.6 and -0.6 kG for

e ; the first four shells. In reasonable agreement withjthe present work..
Aside frqm the,Nl shift, Co has a slightly smallervhyperfine field
shift than tbevFe sites, indicating An > 6n which is reasonable, since
the electrons are more localized on the Co and the Co moment is already

nearly saturated. For NiFe:
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th

an = increase in Fe moment in the n shell surrounding
a Ni atom _
. . . th .
An = increase in Fe moment in the n shell surrounding
a Co atom
€, = increase in Co moment in the nth shell surrounding
a Ni atom
Bn = increase in Ni moment in the nth shell surrounding
. "a Co atom
Then, summing the contributions as before:
AR (ND) = H (e - o) + H (B - A) + AHYM(NL) (1v-3)
Co HM n n" n n n ‘Fe
From Stearn's Paper This Work N
N1 N1
. = -1. . = -3, k,G
,AHFe(Nl) 1.4 kG AHCO(Nl) 3 55
_ N2 .y _ N2, .. _
AHFe(Nl)_— 7.7 AHCO(Nl) = -6.6
N3y N3, ..\ _
AhFe(Nl) = -6.7 AHCO(hl) 5.1
O [ N4, . '
= N = =
AHFe(Nl) 2.8 AHCo(hl) 1.5

Again the shifts are generally smaller than for the Fe sites indicating
' o > € and in keeping with same trend An > Bn. fhe further the

solute is to the right of Fe, the greater its moment perturbation.

The positi&e hyperfine field shifts‘at the N1 sites in CoFe are
consistent with the oscillatory ‘CEP shifts which are very sensitive

to the radial distancelfrom the impurity. A reduction in the
transferred hyperfine field is expected since the Co sées an N1
substituent with a smaller moment than if it were surrounded only by

Fe's. 'In the NiFe alloys, this is presumably offset by a larger change



o
Lo
£
LFE
<
<
Pn
Cd

-69=

in thé loéal moment on the Co site itself.
Quantitative estimates for the moment perturbation parameters

afe not yet possible -as there is no means of separating the various

contributions to HM. Further s;udies with fcc Co and Ni as hosts

migﬁﬁ provi&e!additional information regarding the varioué parémeters,

But there are technical problems involved in doing NMR/ON in.thése

hosts which might preclude the acquisition of uSefui data without

extreme difficulty.
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V. CONCLUSIONS

Hyperfine field distributions at impurities in domains in dilute
CoFe andANizé alloys have been measured by NMR on oriented nucléi
with good resolution, providing detailed information on hyperfine -
field shiftsidue to impurity neighbors. Although the spectra are
comparable in resolution to the best spin-echo data, the originally
“hoped for high resolution was never quite achieved, apd in fact it
may not be possible to improve on it due to broadening from more
distant shells; There is evidence to indicate some degree of ordering
in the dilute alloys and a non-statistical distribution of the impurities.
Quadrupole interactions in these alloys are insignificant with respect
to the magnetic hyperfine interaction in terms of the resolution
obtained in this work. |

The spectra are consistent with a model in whigh the shifts are
primarily caused by moment perturbations in neighboring shells
sﬁrrounding an impurity, with RKKY-like spin density oscillations
affectiﬁgvthe conduction electron and core polariéatiqn contributions to -
the hyperfine fields. Generally, Ni causes greater shifts than Cq
substituénts neighboring a Co, although in neither case are the
shifts as gfeat as at the Fe sites. This is consistent with a reduced
number of itinerant electrons in going across the 3d transition series _—

and with the moment perturbations arising via the itinerant d's.
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_:APEENDIX: SPIN-LATTICE RELAXATION TIMES
In a related part of this study, the longitﬁdinal (spin-lattice)
relaxatidh times of the 60Co nuclei were measured in some of the alloys.

Assuming’ that spin-lattice’relaxation occurs via a contact

interaction with the conduction electrons, of the form
ATS=ASI +ZAGSI +S1I) (A-1)
i zz 2 + - -7+ : :

. 2 S : R
Bacon etal.lq showed that the transition probabilities between adjacent
|m) states could be given'by expressions in which the downward

transition probability consisted of two terms, a temperature dependent

part which is.equal to the upward probability and a. temperature

independehr, épin dependent part. At very low temperatures a temperature
independent relaxation time Tu was described as the low temperature
limit of T;, a relaxation time measured by fitting the experimental
curves to a single exponential decay.

The density of states at the Fermi surface ie of course a factor
in the transition probabiiities since the magnetic'relaxation mechanism
allows transitions between adjacent lm) states by a spin-flip excitation
in the conduction electrons. The electron must be scattered from a

(filled) state below E_ to an empty, available state above EF; In the

F
high temperature case, the Korringa relation applies since the number
of states available is proportional to the temperature. For low
temperatures, where hv > kT, only electrons within hv of the Fermi

surface can undergo the transition and the transition probability

becomes temperature independent. The nuclear spin dependence arises
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since it is the |w=I)to |m=I-1) and [m=1-1) to-[m=-i) transitions

which are slowest and thus rate determining. Thus, ’]'U is defined as

' ' kC _ kC '
T =1im T, = —— = — (A-2)
U To 1 hvl uH ‘ ]

whereIC is the high temperature Korringa cbnstant;:‘The full details
of the theéretical aspects are developed by Bacon et al.102
Assuming a rigid band model, it might be expected that the
addition of~sm§ll amounts of Co, which has one more electron, to Fe,
would shift the Fermi level out. In heat capacity measurementleB-lO5
thefe appgérs Ep be a sharp maximum in the transition>metal Fermi level
density of states curve at Fe. If the density of states (d.o.s.) curve
at the Fermi level in Fe changes rapidly as the Fermi. energy is shifted,
_then.large cﬁanges in the relaxation timevwould be éxpected for small
changes in Co concentration. If on the other hand, the d.é.s. curve
ié.fairly flat in this region, which has indeed been indicated by

106,107

' . . . 108
most recent calculations and by photoemission studies, only

small changes would be expected.

|

l's for some 1, 2 and 4.4% CoFe alloy thin foils are

Méasured T
shown in Fig. A-1.

The relaxation times were measured by applying rf at the resonaﬁt
frequency and ﬁodulating over the peak of interest until the
resonance is saturated. When the modulation is turned>off, the nuclei .-
relax back to an equilibrium Boltzmann distribution. The rf carrier
signal is left bn, thereby ensuring constant eddy-current heating

and establishing a constant or very slowly changing lattice temperature.

The count rate as a function of time after turning off the modulation
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Fig. A-1. Spin—lattice relaxation times for some CoFe alloy foils.
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‘was fitted to a single exponential with a sloping straight line
background to allow for slight sample warmup duriﬁg the run. The
method has been’fully described by Barclay.78

The effects of the different hyperfine fields and conduction
electron d.o.s. for sites with impurity neighbors might be made

apparent by saturating only the main peak in the spéc;rum and observing

1's to those obtained by setting

the relaxation and comparing the T
the rf on the main satellite, measuring the relaxation times of those
nuclei having N2 or N3 Co neighbors. The relaxation times for the
satellite line in the 2 and 4.4% alloys are also shown in Fig. A-1.

Unfortunately, the poor counting statistics and difficulties in

1's in this way lead to large uncertainties in the calculated

measuring T
relaxation times. No significant change can be noted as a function
of concentration and the small effect due to the ~1% change in the

hff at the sétellites is not at all observable.

1 before reaching

There is, however, an apparent maximum in the T

a saturatioh_value due to the fact that the other decay constant

(other than the slowest hvI/kC) are not that much‘faster than l/Tl.
. . . . 109,110
This has been dealt with in a general theory by Wolfle and Gotze

who also derive a temperature in dependent, spin dependent relaxation

time.
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