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- NUCLEAR RELAYATTON OF cub3 In NI-CU . o

o Michael H. Bancroft
InqrééniérMaﬁerfals Reséarcthivi;ion; Lawrence'Radiatidn Laborstory,

u Dépértmént of Physics;aUnivéfsity of Californis,

| Berkeley, California
ABSTRACT
Nﬁciéaf ﬁagnétic relaxation @f Cu63 in dilufe'ﬂifcu alloys has béen o

measured infthe temperature range 2¢l°K4— 3009K. The oﬁserved spin |
echo comes from nuclei in the wings of the aomain walls in zero applied
field and from nuclei infthe satﬁratéd bulk in 1afge external field. |
The longitudinal relaxation rate was found to be proportidnal to the  ‘ i'

temperature in both cases. We find TlT = 0.1 sec. °K and 1.02 * .ld
sec. °K for zero aﬁd high external field respectively. The diffeﬁence¥ o
betweén these,rates is attributed to a méchanism involving the domain - -
walls. Comparison of the high field rate is made with Moriya's
calculation for pure transition metal ferromagnéts. It is concluded
that there is little or no contribution from the d band to the

relaxation of an isolated Cu in Ni. This strongly suggests that a

Cu atom in Ni has no locél moment. In the helium temperature range,-

‘ﬁhe transverse relaxation is dominated by spin-spin interactions

for Cu concentrations as low as 1%.
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/" INTRQDUCTION -
The origin of ferrdmagnetism in tﬁe’Bd’transitiongmetals is.
not yet'duantitafively‘underétood. The”main:problem'is-the nature -

of the 34 band. It iS'mid-way between the nesrly free electron and tight

~binding limits and 1s therefore hard to deal with. Another éomplication

is the presence of the partly filled bs band, with which the 34 electrons -

intéractVand mii.

Oné téchniqué for probing thé férromagnéﬁic state is to add
impuritiés to séé hbw théy afféct the magnetic ﬁréperﬁiés locally
and on the avéragé. Much work has béén dOné on-alloys of 3d férro—f
magnetic métals with other transition and noblé metals. The macroscbpié,_
or avéragé, efféct is shown in thé Slatér~Pauling diagram, Fig. 1, which
plots thé Satﬁration ﬁagnetization,.réaucéd to avérage momént/atom,
versus eléétron concentration, for different 3ditransition metal alloys. )
Much of the right hand sidé of. the diégrém is explicable in terms of a‘ 
rigid band model, in which the band structuré and resulting density of
statés remaihs the same. These bands are.merely filled to a diffefent
level, depending on the alloy's electron concentration.

An example of this behavior is the alloy Qircu,.which has some
simplicity from the theoretical viewpoint. These elements adjoin in
thé periodic table. That they have similar electronicgéroperties is

indicated by the fact that they form a complete series of solid solutions.

Ni is ferromagnetic, having 0.54 holes in the ¥+ (minority spin) d band.t

Cu is paramagnetic and has a filled d band. Thus in the ferromagnetic

‘Ni-Cu probiem, only the 3d + and 4s electrons need be considered.

Finally, the band structure of Ni and Cu are aécurately known and are
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‘-'Quite similar;iwhich Suhstantiates the”rigidvband»model.7 In alloys of
Nl w1th less than h07 cu the’ average moment/atom measured 15'2

. J

=,0.6»— cclI (1n pB

The moment of 0.6 uB/atom in pure Ni corresponds to the 0.54 a4 +

N holes when account is taken of the associated orbital moment which -
glves.rise to~the g_factor, 2.20, in Nl,; The.term ~Coy in the equation.
for ﬁ'of:Ni—Cu indicates that each Cu‘atomvadded'reduces the total‘
_magnetic moment by one Bohr magnetonf This is tolbe understood invthe'
'rigid'hand model in light of the fact that the density of 4 states at
‘the Fermi surface in Ni is about-ten times that of the s states.h Thus;
filling up these bands, the extra electron contrlbuted by the Cu goes :
9/10 into the d + band and 1/10 into the s band. Agaln taklng account
of the Ni's g factor this filling up of the a + band:removes 0. 9 x. 2. 20/2
vl 0 uB from the moment.

' Microscoplcally, of course, the situation is more complex. The extra
electron is not’ dlstributed uniformly, because‘of screenlng. Each Cu,.
having an extraIpositivelcharge,‘will*attract an extra electron to its
vicinityf Because of the relative density of-states, the screening
uill befdone 90% by the d band; i.e. an isolated Cu ion in Ni will have
an extra 0.9 4 character electron around it.' However, the Cu ion can
onlyjaccept 0.54 additional 3d electrons before its 3d states are fill,
i.e. has its full complement ofle.d electrons; Thus the other 0.36
_ electron must be shared among the Cu impurity's Ni neighbors, thereby
reducing'their moments . Assuming the screeninngill take place as

locally_as_possible;ﬂthe extra 0.36 d electron is shared by the 12 Ni



_ at the nucleus in a ferromagnet,
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neareS£ £§iéﬁ$6rsi? Ilwill-cailithié ﬁiétﬁ;e'the ;crééning m&del; It
is illustratéd-in Fig. 2, which is a cross séction of.én isolated Cu atom
in fec Ni; showing one Sét of néarést néighbor Ni's and onevset of next‘ |
nearestvneighbérs, réprés;nting distant Ni's. Béneath each atom is-
the number of holes in its d states in this simplé scrééning model.

Wé'wili considér thréé eipériménts which'givé-ﬁicréscopic information
about thé situation in thé vicinity of the impurity: ‘néutron diffraction,
n.m.r. or MBssbauér éffect, and nucléar‘rélaxation. . Neutrons, having

a magnetic moment but no charge, sense the electrons only magnetically.

By measuring diffuse scattering of neutronsu one can deduce the magnetic

‘moment of an impurity, which -introduces non—periodicity, and hence diffuse.yl

scattéring, if its-momént is different from that of fhe host atoms. By
doing n.m.r. in zero external field, that is in the spontaneoué field
> one measures the so cailed hypeffine
field, Hn’ at the nucleus involved. Likéwise, the splitting of thg

M8ssbauer y-ray line, due_to orientation of the nuclear moment with

respect to Hn, measures this field at the nucleus involved.6 In

'impurity studies, n.m.r. or MYssbauer effect measures Hn for the host.

and impurity siteé. In addition, Hn of atoms neighboring impur;tiesvva”
(eiﬁher host or other impurity atoms) can be measured by Observihg sgtellite ‘
lines on the main resonance whose intensity agrees with the numbér of
neighbors and impurity concentration. For instance, from the screening
model of Fig. 2, one might'éxpect a satellité liné on the low freéuency
side of the main Ni resonance in a Ni-Cu alloy dué to Ni nuclei which-
are nearest neighbors to an isolated Cu. This is because one would : ..:
expect a smaller hyperfiné field at‘a sité with a smaller‘moment7

and hence a lower resonant frequency.



~h-

In.tﬁié wOrk,?I h;ve heasurea ﬁucléar,feiékafion ﬁsing fhe épin echo'”>
pulséd'n;m.f.>téchniqué.? lThis téchniqueﬂcoﬁéists éf applying two r.f.
. pulses.at thé n.ﬁ.r..fréquéncy and obsér?iﬁé a bufst of r.f. of thé v"-x?
_same freéuéncy‘(thé‘"spin echo™) aﬁ equal time later. One’ can undersﬁand 1i{;‘
the main féatures in térms of thé phenomenological Bloch équations,.which‘,.ﬁ:{'
_déécribé the motion of thé macroscopic nucléar magnétization. These
contain. two paraﬁetérs: Tl, thé lqngitﬁéinal rélaxation time, and TZ’.
thé transvérsé rélakatioﬁ-timé; -If 6nérétarts thé magnétization, M, at
some angle to the static field, H , it _wili precess at the resonant
.fréquéncy. l/Tl is-thé raté at which M relakes to thé_équilibrium. 
position along Hn. _1/T2 is thé rate for the transvérsé.componénﬁ oer ,; .u'}
to déphasé microscopically, thus disappéaring on_a-macroscoﬁic scale.

One measures T

5 by observing the echo decay with-inéfeasing pulse

separation and Tl by wetching it rééover'from.r.f. sgturation, i.e.
microscopic randomization of M in all diréctions. _

Considér using these three meéhods to check the validity of the .
scréening model. For example, it-is possible that the Cu impufity mighf. 
possess a small moment , due to the available s and 4 electrons not beiné”
able to scréén fhé Cu in as short a distance as is conceivable, i.e. an . .-
extendéd disturbancé.j The.diffuse neutron scgttering is propoftionaiv
to the Qifféfénce in the moments of the impurity and tﬁe host. It is o !
already difficult to measure a difference as smali as 0.6 ﬁB’ as in the ‘
case of the screéning modél. Distinguisﬁing the case of no moment on
the Cu from one with‘0.1—0.2 Mg would be véry difficult. The problem

with the n.m.r. or M8ssbauer measurement of the hyperfine field is in

'interpreting the results. The origin of the hyperfine is not well
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‘enoughfuhderéfood'fb_dllgw‘oneutd draﬁ conclusions about the impurify T
_moment -from the measured hyperfine field. That is, the estimates of

the contributions of the different possible effects to the hyperfine 4

field on an impurify in a ferromagnet:are not good enough to deduce the.

‘ impurity moment.9 Similarly, the measured difference in Hn of atoms

whiéh aré néarést néighbors to an impurity doesn't.imply a paréiéularu S
différéncé in moment becaﬁsé of thé unknown magnitudé of this and

otﬁér éffects.v (1f oné could déducé the change of momeﬁt of the néérest?-
neighbor Ni's;~oné would know-the Cu moment‘from thé obsérVed average |
decrease of 1 QB/Cu atom. )

It will be shown in section II B thétvmeésurémént of the Cu
longitudinal relaiation, interpretéd according to Moriya's theor&'df.
relaxation in ferromagnetic transition metalslo gives clear evidence
in favor of the screening model, that is, a very small or zero moment‘.' o
on an isolatéd Cu impurity in Ni. Thus, measurémént of qgclear relaxatién
of the impurity'gives thé clearest pictﬁre of the electroﬂic behavior |

in the vicinity of the impurity in this particularly simple case.
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e  Chapter I

-:DYNAMICS "OF THE-RESONANCE

: *Thé'nﬁclear'magnetic resonance'éxcitatiénVanq3résultiﬁg 
- signal are énhahcéd in a ferromagnét dué to thé‘médiation-ofvthe
electroﬁic magnetization between the'nucléi and thé'appa.rai;us.S
:In tﬁé presénce of domain walls the'signgi is dominated by nuclei-i  k
in the walls. This is because the walls"mové to shiéld thé
domain bﬁlk, which does not feel the r f excitation, as well as
bééaﬁse thé walls have a much larger énhancemént factor than the :
‘bulk. |

Consider the idealized case.bf a spherical barticlé with a
singlé 180° wall in the middle (Fig. 3a). If affield‘és appliéd“i:;f.
in fhg:x+diﬁectipn;ﬁthé.wa11#moves;tqrminimizéithe«suﬁiofxthe
demagnétiziﬁg ehergy.and theainteraction energyvbf the‘non;zero
magnetic moment of the sphere with thé external field. For small; _
fields, the dispiacement of the wall.Ai‘iszs’ 11 |

Az/da = (1/hm) Hx/M . ‘ S I-1
The demagnetizing field created by the sphere's inauced‘moment
Just cancels the external field. Thus the domain bulk is
shielded by the walls,
Now consider & nucleus in the wall which feels a hyperfine

field Hn antiparaliel to the local direction ofvmagnetization.

t

When the wall‘moves, M rotates to a new angle 6 with respect to

the direction of magnetization in the bulk. Hn at the nucleué follows -

M, giving rise to a transverse field, He

H £’
_ _ o A6 _ _n a0 _
Hepp = Hy 80 = Y Az = EEE; 43z = Ny ; -2

where N is the enhancement factor.



~ The thebfetiqal_curvé-of 8 versus zl? is shoim in Fig. 3b. . Near

the center,.it can be approximatel by a uniform rotation:

a0 o
@5 -3
N

vwhich gives n= Eﬁﬂ-%u Cowan and Anderéon13 have measured this
. '8 o . .

enhancement in pure Ni using the rotary saturation technique.

They find n = 1700 experimentally. They find n = 2000 for Fe,

. : .= o
which is consistent with Eq. I-2 as the ratios ﬁg-and d %% are
nearly equal for Fe and Ni. As seen in Fig. 3b, the wall trails off
gradually, with %g-decreasing to zero. Therefore the nuclei in

the wings of the wall feel a smaller enhancement than those in

- the center.

g

In a single domain particle (or saturated muitidomgin particle),
the enhancement comes sabout by domain rotation. This rotation is
impeded by a fiéld Ha’ which comes from magnetobrystalline anisotropy

.andlthe externally epplied field, Ho' In tﬁe absence of a
. perturbing field, M is along H_, as shown in Fig. k. HHx, |
'_ applied perpendicular to HZ; tips M bj an angle 6 = Hx/Ha’ for sﬁéll H#,.

This produces an effective transverse field:

Heff = eHn =

H = nH, _I-h

In the case of Ni, Hn = 75 kG and Ha =2 kG, giving n = Lo, which is

‘much less than the enhancement of 1700 at the center of the walls.,
In this study, I have sought to measure the relaiation rates.of

nuclei in the doméin bulk. The nucléi in the wall can relax by

14,15 These mechanisms usually

mechanisms peculiar to the wall,
dominate the wall relaxation, which is thus considerably faster

than the bulk relaxation. The domain relaxation, caused by the

\



I

',fluéﬁuafioﬁs.of:the ﬁgghétic'interactiéns; islofvmqre:géneral

interést thaﬁ thé'Spécial propértiés of domain walls. It ié also‘_
moré émenable to‘ab'initio calculation of the various rélaxation
méchanisms. Théré is faiﬁl& good_agreémént bétwéén Moriya“slo
calculaﬁions and the méasuréd longitudinal rélaiation times in theu - ‘

pure ferromagnetic metals: Co, Fe, and Ni. This makes it desirable

‘to measure the relaxation in the simple alloy, Ni-Cu, in the domain buik{:"'ﬂ{>

Although relexation times can be measured by c w;nethodsl6’ 17

. it is much easier uéing tr;nsient mean§;§ This method allows a

direct measurement of thevtransverSe and.lbngitudinal re;axation
‘times, as well as faciiitatiﬁg the sepafétipn of the wall and

bulk signals. This can be dong in one of severallﬁays. As pointed 31 
out above, the enhancement factor decreases awéy from the center

. of the wall. If one applies an intense r f pulse, Hl

10 Oe, the spins in the center of the wall are driven through

greater than

many rotations, while in the wingé of the walls, the rotation

angle goes continuously to zero. The signals from the center of the'lf

wall tend to”avérage out as small changes in éohditions leave the
'spins pointing invvery different directions, while spins with
enhancement factofs sﬁch that 6 = nYnHlt% = /2 are under optimum

echo co?ditions. ﬁgre_nlis the enhancement'factor,_yg the nuc;ear
gyromagnetic ratio, 2Hl the applied r f field (H1 is the amplitude

of one circularly polarized componenf), and tw the length of the pulse.
Thus, the larger the r f field, the more contribution to.the gignal
ffom spins with lower enhancement, i.e., further out in the tail |

of the wall.lh Although the high enhancement spins’signal is

.



He gave these long.time relaxation rates as the "bulk" values.

..9...  o

.féduééd.by{£hisvé;néeigtion;.nonétheleéé this‘signél.is prédominant
.:;at éhorf pﬁlééfSépafationé.‘ Howéver, as mentioned abové, the
’  fwali relé%atidn'ié domiﬁaﬁéd'by méchanisﬁs péculiaf=to thé'wall.
{jL:Thésé méchanisms décréasé in efféctiveness as onévgoes out in thé
wall.v Thus, thé strqng,lcénﬁer-wall,éignal dééays fast and
'»onéiéﬁpécts a slower relaxing signal at long timés._ This

~ behavior has been observed and is shown in Fig. 6. One might expect

that far enough ouﬁ in the wall, the relaxation woﬁld be dominated
by bulk processés, and one would observe the Signal‘apprOacﬁ a
stréight liné, corrésponding to a cons#ant relaiation rate. Weger
claimed to obsérve;this in his experiments on Co, Fe, and Ni.

11, 15

Thus, by using high power pulses and using thé'rates observed
at the longest times,‘one measures relaxation in the wings of the wall;-
which may approach bulk relaxation.

Another method of measuring bulk relaxation is to apply ado

magnetic field pulse during the time in which the spins are

‘relaxing. In this way one uses the walls as enhancers of the

exciting r f and the detected signal, but moves the walls with
the field pulse during the relaxing time. The walls are moved
far enough so that the nuclei reside in the‘bulk and relax according

to bulk processes. This method was used by Kaplan, Jaccarino and

19 55

Wernick, who found good agreement between relaxation rates of Mn
in Fe measured this way and by the high power method described
above.

Finally, one can apply a large steady magnetic field to drive

out the walls and saturate the magnetization along the direction



of the field. In the absence of walls, the enhancement is by domain

'rotétion and'bne séés‘a true~domain‘bﬁlk,signal. 'Qf coﬁrsé; this-
value is not:nécéssarily identical with the zéro-fiéld bulk
rélaxation-rété, becausé of the fiéld dépéndencé of thevrélaiation;'
The walls‘aré driven out.when thé external‘fiéld éicéeds
the démagnetizing field, NM. TFor a sphéré N = 4n/3. For Ni (or Ni
with a small amount of Cu) M (0°K) = 510 G. Théréfofé the domain
‘structure is energétically unfavorable fof a field greéter than
é.i kG. . However, due to crystal imperfections which Qct to impedgi
thé wall motion, it is possible for;ﬁalls to”continue to ﬁé present-.
to highef fields than the demagnetizing field. One could ignore
these pinned walls if the r, f, field is appliea parsllel to the
saturating field. With the walls pushed hard againsﬁ the pinning

center, a weak 1, f, field acting in the same.direction would not

significantly move the walls. waever, cbmﬁared to the configuration'

of Fig. 4, a much smaller enhancement results for Hx pafallel-to"i SR

Ho’ because the r f field Hx cannot ‘tip M, exéept to the extent
that M is canted from the parallel direction by an internsal anti-
sotropy field. ©No signal was observed using this configuration
for Cu in Ni in a large d c¢ field.

In;the perpendicular field case, it is concéi;able thﬁt the
pinned walls would be free to move'inAresponse‘to Hx' However, it
seens unlikeiy that these pinned walls would be very mobile, There-
fore, they would not experience much enhancement or be ablé to

63

shield the rest of the particle from the r f field. The Cu ~ echo
signal for 2% Cu in Ni was observed in high field, 4 to 8 k6, in-

the perpendicular configuration. The echo maximum was sought as

- .
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a function bf»r;f,pulse,width,for the,maxiﬁum'fif_powér. This

 was measured by observing the'voltage,in & pickup.coil tightly

coupled td:the'sample coil. The value of the field at the end
of the coil is-perhaps half of that in the center. The measured
value of H; was 14 G. In an external field of 6 kG, the signal

was maximum for both r, f, pulses 2us long. The enhancement factor

is Hn/Ho = 47/6 = 7.8. Therefore the turning angle for spins in

: the saturated domains is:

6

6 = Ny Hyt, = (7.8) (7.0 x 103), (14) (2'x 10° )‘=‘1.5 i‘adia.ns or 86°

I-5
With the possible upward variation in Hl over the sample, this

indicates a turning angle of 90° - 180° for spins. in the bulk

“enhanced by domain rotation. The fact that the signal maximizes

in this region indicates that these spins are respbnsible for the‘higﬁ

field resonance.

The isolation of the domain signal can be further invesﬁigated»

" by measuring the nuclear resonance frequency as a function of'externallyf_

applied field. - Portis and Gossa_rd5 obéerﬁe@ that the 0059 resonént
frequency decreased very little in a field uﬁ to 5 kG, while the
signal strength had decréased by a factor of lOQ. Thié is evidence
that the signal-originates in the domain walls. In an external
field t£e walls move so as to create a demagnetiiing field which ’A
very neariy cancels the external fiéld.' The reduction in éignal

is due to the driving out of the walls at fiélds équ&l to NM, where

N is the demagnetizing field. Measurements of the resonant frequency

of Ni6l in Johnson-Matthey 99.999% Ni sponge are shown in Fig. 5.
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' The~eignels_were.measured with H

- gave a maximum echo in zero field.’ The r f frequency and apparatus

~12-

1 ~ 0, 5 6 and pulse widths which-
tuning were edjusted with field for max1mum'slgnal.' The frequency
of the echo was measured by beatiug it with a weak ¢ w sighal.

The frequency starts flat as expected for wall signels. It begins

to bend significantly by 2 kG. The Johnson-Matthey sponge particles

- were observed under a microscope to.be roughly spherical, that is

all‘dimensions about'the same, with a diameter of 5 - 1ou. For a _
sphere, the coercive field is (Lm/3) M = 2.1 k?. ‘The signal decreases

in strenéth as the walls ere drivenlout,‘until the signal is |
dominated by the unshielded domain signal,'whiCh is weaker because
of'the smaller enhancement.. In the saturated regime, one must

consider the anisoﬁropyf field, H .20 Since the crystals in the

powder are randomly distributed, the partlcle magnetlzatlon w1ll

align along the resultant of H and the internal H + So only for

H >> H will the sample be fully magnetlzed along H . In Ni aﬁ;;,'

5

helium temperature where these frequency dete were taken Kl = -7.5 x 10

erg/cm3.21 For small deviations from the easy,[lll] direction,

v'Ha = —hKl/3M = 2.0 kG. If Ho is at some angle to Ha’ the process

of magnetizing the particle salong Ho’isv0pposed by the demagneti;ing

field plus the projection of Ha along Ho' In the most unfavorable ‘ |
case, this will be the full internal-Ha. .TherefOre, we expect .
the sample to be mostly magnetized for Ho~;_ga + NM = 4kG for spherical

Ni particles. As shown in Fig. 5, the frequency is linear with HO
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above about 4 xG, in agreement with this argument.

"In fields_Ho'>> Ha’ the domains are fully magnetized slong HO

and the nuclei feel the hyperfine field plus the local field.

As usual, the local field consists of the external field plus
demagnetlzlng fields from the surface of the spherical particle,
the surface of the 1maglpary spherical cav1ty in which the partlclé
éits, and the outér,sprfaces of the éample. _Becéuse the samplé

Iis a powdér, the magnetization in the sample is reduced by the

filling factor f.

Therefore: : L ‘
H, = Hoo3Ty 4 BT oy -NfM—H-—lLTI-M(lf)-NMf -6

loc d‘ 3 3 3.
Thé Ni sponge used has f % 0.35. The sample is cyiindrical:wiﬁh7-
a length to diam?ter tétio of 1.5. The field is applied perpendicﬁlafv.f
to the axis of the cylinder. For this geometry the demagnetiéing
factor along thé axis is roughly hﬂ‘x 0.18,22 giving a demagnetizing .
factor perpendicular, N = U7 x 0. hi- |
Therefore at high fields, the field at the nucleus is -H =
—Hno + Hloc’ where the hyperfine field is indicated‘negative, as it
is in the opposite direction from M. |
Y

Hy =B+ 3 M (1-0) +NMf-H =Hyg * 2.3k - I

The domain wall resonance at zero applied field measures Hno.éinééxthe’

‘spins in the center of the wall are perpendicular to the magnetization.

Thus, in the absence of Ho and demagnetizing fields, the zero field
resonance frequency is (Yn/2ﬂ) Hno' The dotted line has a slope
appropriate to Ni6l7 Y_/2m = 0.38 Mc/kG. The H_ = 0 intercept

predicted by Eq. I-7 is designated by the A in Fig. 5.
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. .The fieid'dép;ndéncé-of théfCu63 feébnanéé inva'é% Ni-Cu alloy
is more éompiiéatéd_andvis shown'in"Eig.-G; Aﬁ.lbw external fields,.
 .0 to 2.kG,Aa sﬁrong:signal is obgérvéd with'Weak.r iy pulséé. In
intérmédiaté fiélds,'2 to 4 kG, a wide band of signal fréqhencies
4 is obsérvéd with thé higher frequencies.stfohgér at lowér powér
"and thé'lowéf frequenciés at higﬁ powér. When the higher freQuency‘:
«1éignéls are exéitéd with high r T power, the echo has & sharp

makimuﬁ for t

) =t p» indicating that this signal is from high

. enhancement spins which are driven through a rotation of many revolutions.7'j?*.

When the two turning angles are equal, all the various enhancement

‘contributiéﬁs add coherently, but.when the pulses'differ slightly,  '
thebturning ahgles differ by a half revolution orvmore and the 3
.different contributions add with random phésesbaﬁd cancel. At fielash  
above 4 kG; only the low-frequency, high-power signalvis bbserved.ihfi}};i'fg

The low-field signal originates in the higher enhancement -

~domain walls as indicated by %*rits excitation at low powers. Thé'fli FIR I

intermediate region is due to coexistence of saturated particles ”ff'h
_with pafticles stili containing ddmain Walis. The ﬁieCu alloy sampiés-'
' weré ground from a rod using boﬁded abfasive paperAcontainiﬁg'l2O meéh
A1203 particles. The sample particle; were obéefved to be worm -
shaped with diaﬁéters'in the range 10-=25 ﬁ and‘iéngths 1 to 30

times the diamétéf. With this shape particle, there is novsinglé
demagnetizing factor, and there is én intérmédiate-fféquency range,

in which saturated particles and partiélés.with walls coexist. B

The coercive field for short worms is about like that of a sphere,

(hﬂ/3MM;’For-1ong worms, it varies from zero for magnetization along

the axis, of which there will be few because of the small solid
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‘thle in_thié direction, to 2mM inythe7direction perpendicular to

the axis. Therefore one expects: coexistence of significant

populations from somewhat below 4m/3M to somewhat above 2mM, of 2.1

to 3.2 kG.

vThe possibility was considered that the éch§és obsefved in
thé intérmediaté région at high powér might bé highéfrequéncy ﬁall* 
qignéls é#citéd by the”sidébands of thé squaré r f puse which'aré- |
spréad out in muitiples of l/tW in'frequénéy;  Thesé sidébands
aré weakér, which would.bé advantageous fdr exciting high-enhancemeht;
wall signals. It would also expléin;the critical dependence on |
t, = t., 8s only in this condition do the sidébandé of the two

pulses coincide. However, this possibility is eliminated because ..

the measured frequency is that of the echo. If the above explanation‘f’>

. held, the echo signal would be at the free preéessibn frequency,":

and not the central frequency‘of the oséillator.'

In the high field region, the frequency of fhe domain signal :
does not decrease linearly wiih ekuernal field, although it ‘
does seem to appfoach-thé correct élope asjmptotically as shoﬁn inif
Fig. 6. As mentioned in connectior. with the Ni sighal; the particlééi
are not fully saturated until H0v>$\Ha. ~Bozorth21 tabulateé anisotropy
data foﬁ Ni-Cu alloys, giving a &alue for 2% Cu at 0°K, K, = -6.9 x 107
erg/cm3. This gives Ha = -4K/3M = 1.8 kG. However, in Fig. 6, ohe
sées appreéiable curvature in the frequency up to about 10 kG.
This é#tra apparent anisotropy may be due to strains or inhomogeneity of'
the alloy.

As with the Ni61 resonance, we take the. zero field resonance
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és.corfgspondiﬁg_to a field Hno' We-compafeifhe high-fiéld linear
field dependénCe-région éxtrapolatéd'to zéro.fiéla minus ﬁno with

v ~th§‘Calcﬁlatéd demagnetizing fiéld. - In calculating thé'démagnetiiing
fiéld dﬁé to thé individual particles, theré is no'uniqué '
demagnetizing factor as discussed in connéction with thé coercive
field. For néarly-spherical particlés, N = ka/3. In thé long wqrms,;
-A.N variés from zero to 2m with an averagé clﬁser to the latter becausei‘
of solid anglé. For an estimate of the éffect ve use N = hn/3. _4

:Thé dénsity éf the Ni-Cu éample gives £ = 0.30. The sample geometry’.'
is the éame.as the Ni sponge. Using Eq. I-T, thére is a demagnetizingl.
- field (4mM/3) x 1.13 = 2.k kG, f.bhis diffeien’ce is indicated by :
the A in Fig. 6. | -
63

Thus the observed resonances in Ni6l in Ni and Cu " in Ni-Cu" v

. have been determined to originate.in spins ‘in the domain wall (perhapsl" -

well out into the tail of the wall with high power r.f.p@lses)
in low external field and in the satﬁrated domain bulk in high
external field. In the alloys, there'ié‘intermediate,field

region in which the two types of signals coexist.
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 Chapter IT

I R

“' Y LONGITUDINAL RELAXATION =

A Experiment .
". Théllongitﬁainal rélaxation timé, Tl;vﬁan b§ measuréd in two wa&s.'

\f Thé:moré sfraightforﬁard is the Saturation method. This involves using -
the ordinary sb&n écho to monitor thé récovéry of thé z-magnétizaﬁionv
following saturafion of the magnetization by a sériES'of r.f. pulses,
called an r.f. "eomb". The othér is the stimulated écho,8 which is -
obsérvéa a,tiﬁe f aftér an r.f. pulse, which followé a pair of r.f. pulsést 
separatéd by f,isétting up a modulation of thé z-magnetization. Since

this modulation washes out in a fime_T , in the absence of diffusion, the

1
stimulated echo décays in a time Tl‘ |
The stimulated echo is experimentaliy.simpler. Even though the .

. stimulated echo is weaker than the 6rdinary.echo, iﬁ gives a bette: E

| signal-to-noise ratio. This is becausé in.the saturation method at iong.
_times, one must.accurately measufé small increments on a largely recovered
signal, whereas the stimulated echo is propértional to the undecayed
z—magnefization, so one can follow thié portion further down into the

. néise; | ‘ |

' The saturation method, however, is more certain of interpretatioﬁ.

b_ If one is convinced saturation is achieved,23 one has méasured'the

time for longitudinal relaxation, T., directly. The formation of the -

l’

‘stimulated echo is more complicated, involving the value of T2, if diffusion

~effects are appreciable. In this case one observes an additional term

in the relaxation rate proportional to T?.l v _ :

Measurements of the Tl of Ni were made in pure Ni
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; fsponge and in the 2% Ni-Cu sample, using both methods to compare the

;"results. The relaxatlon rate of the stimulated echo, for small. T is given by 11

..‘.1 l 2 ' f l . . .
R + hn DvT - o : , II-l

V_Se-_lv , .

'fd; where Dv is thevconstant.for diffusion in freguency. A small, roughly -“J'
) ;}1linear dependenee‘on T2 of the stimulated echo of Niél,in Ni sponge andl,‘”’
63 '

in the 2% alloy has been observed. For comparison of the stimulated‘_é‘f'r

‘echo and saturation methods, T wes made small enough so that the seeond ifff 3

-

ﬁerm in II-1 is.less than 1% of the first. This is well w1th1n experlmental '

error, 50 the relaxatlon time measured can be considered the stimulated

“'echo value of Tl.~

Since the high-fleld relaxation rate is the one. governed by intrlnsic

~-domain processes,eu the Tl by stimulated echo and saturatlon were measured

as a functlon of field. In a small external fleld the observed relaxation’ gﬁjf;f%

is non—exponentlal, show1ng a decrea51ng relaxatlon rate for short tlmes.'iii"'

This behav1or'was explalned in Chapter I. The exponentlal 51gnal at long
-times corresbonds to‘5pins~far omt in-the~doma1n wells, which feel
- little fluctuation from the wall motions amd~mhus relax slowest.2 It'rst;”
this limiting.value which is taken as the "bulk" relaxation rate."Fig. 71~'_“

presents data for the longitudinal‘relaxation'by the stimulated echo
63 '

method of the Cu ~ resonance in zero field, showing the behavior just described. .

A comparison of the T

l's measured for Ni6l in pure Ni sponge'are

shown in Fig. 8. These data were taken at moderate r, f.levels,
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: 1H11;k3él: Satﬁfé£i6niﬁas achiévéd“by:appiyiﬁé a sériésﬁdf long“r f»pulses;ff 

.tyﬁically;éO'pﬁlses‘éf width:fivé times‘the'écho;prodﬁc;hg'pulsés. Iﬁ |

”ordér'to”saturaté thé whOlé resqnancé liﬁé, oné‘nééds sufficiént r f'poﬁer _;vv

to significantlj tip all thé spins in the liné away ffom the' z-axis, Qieﬁed_i"

in thé'rotating framé. This condition is: _ | ,
s hw ' l IT-2

1,eff -y—r:

H

Thé.linewidth for'Ni§¥ in pure Nibis a£out1i50 kHz at 4.2°K., This ﬁas&i{,
"measﬁréd_diréctly by sweeping the frequency of large width r.f;pulseé |
and taking the full width at half héighf of the echo. The width of thé"
'pulsés is madé large to assure that the fieqﬁency distribution of the

r f pulse is narrow coﬁpafed toltﬁe linew%dth. It was also measured by‘f>'
.observing the width, T*z, of the echoAfollOWing éhort, high power

pulses which excite the whole line: This is coqverfed into the linewidth

by the fact that Aw G'%J;. The two methods agree within the measured

. 2

accuracy of about 25%. With this linewidth the condition, (I1-2:

- becomes H, .. >> L00G.. For the wall signal, we expect n = 100-1000 = -
] : . ! .

depending on how far out in the wall we look. _For Hl = 3G, we get:

H

1, eff =1 Hl = 300-3000G. o _ A | ‘ II-3

Thus, the 6dndition II-2 is at workt barely fulfilled. We expect‘that'\
with a t%ain of many long r f pulses, most of the line will be rotated
from the z-axis. Because of the random phases of the successive |
saturating pulses, the various magnetization components will undergo a
series of random aﬁgular aisplacements, ending up in the saturated state,
‘that is, one with nuclear spins pointing randomly in space. Therefore,
there is no ordinary echo signal until some dfvﬁhe magnetization has.

relaxed back to the z-axis, so the echo following'saturation measures the
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'.1ongitudinal relaxation., .

Comparlng the 1/T values of Fig. Ba) and b) we see that the two e%i}:rqﬂ

methods glve fair agreement for H = 0, w1th the saturatlon method show1ng

ﬂv.somewhat slower relaxatlon than the stlmulated echo. However on applylng

f‘a static field large enough to saturate the domains,’ we see that the

relaxation rate by'the stlmulated echo'method stays essentlally constapt;

f;‘while-that by saturation shows a significant decrease. Since we are
trying to discriminate the longer, "bulk", relaxatlon time, preference

 should be glven to the method measuring 1Onger relaxatlon times. That aj]f-33 :

-

'>‘1s, 1tkis possible to imag;ne addltional, nonflntrin51c mechanisms- '

"y iﬁ increaeing the stimulatee echo relaretidn rate, but eir:e the various-eégﬁ'.'ru
. relaxation rates are additive, the smal;er'eaturetion rate must be
';eonsidered an upper limit on the<highrfieid.domain relaratioe rate.»rTﬁe;actff"
 objection that in the ﬁighofield, domein region, riﬁh its'lower enﬁaneee'if‘ ..

) ‘ment, saturation mey‘noﬁ.be achieved does not apply because in the evenﬁ; i‘;,}"

of incomplete saturation, there will be & faster apparent relaxation, -

as the excited nuclei relex by diffusion into unexcited 'ones.23

e Therefore, the above statement about an upper bound on the intrinsic
. relaxation rate holds. ‘Finali&,.the.dependence of the relaxation rate

© ‘on field as measured.by saturation agrees well with that measured by .-

2k,25 This dependence is showﬁ.asymptotically b& the_ef

lines in Fig. 8 a). For these reasons, the-saﬁuration method is

preferable for measuring Tl’ particularly in the high field region.,
Slmllar behav1or of the N16l resonance in the 2% Ni-Cu alloy was

observed using the two methods. The_stimulated'echo rate is larger
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- .

and ronghly;édnstanf_as a function of field;. The.high?field, 3kG and
.higher, Values'of the relaxation measured by saturation agree with those

, N . _ ,
in pure Ni, i.e. at 4.2°K, Tl’HZBKG 35 ms.

' ' | 26 63

The longitudinal relaxatidn data previously feported * for Cu
~ in a 2% Ni-Cu sample was measured in zero external field, using_the
" stimulated echo technique at four temperatures: 2.1°K, 4.2°K, T7°K and.

" 300°K. The T. was taken from the long time exponential part of the curve,

1

as shown. in Fig. 7. The near equality of zero field relaxation rates ;,:'
found by the two methods for Ni6l'indicateﬁ that these Tl's measured
by stimulated echo can be taken as the zero field "bulk" velue. The

Tl's are in fair agreement with a relation TlT = const. as shown in Fig. 9.

The signal-to-noise ratio is better at low temperature, so the 45° l1ine

| "1 210 see”k 7L,

1, H=0

in the high field region has been = -

' is heavily weighted to these data, giving.a value (T T)

Longitudinal rélaiation of Cp63
méasured_in four dilute alloys; 1, 2, 2;5, 5% Cu in Ni at temperatures;
‘2.1°K; 4.2°K, and 77§K. The high-field, domain'signal was much weaker
ﬁhan the zero-field, wall sjgﬁal,”due to the léw enhancement . vTherefére;'?. 
the re;axation was meaéured at'77°K‘§nly iﬁvthe 5% slloy, where the signal'vf
- was étrong enough to get accurate valués, to check the temperature
- dependence over a wider‘fange than a factor of two. |

Tﬁg_high-field domain relaxation is exponenﬁial,.és can be'seén_in
‘Fig. 10. The straight line fitting the data does not extrapolate to.
zero signal at t é'd, i.e. immediatély aftér'saturétion. This -
indicates possible incomﬁléte saturation, rééulting in fas% apparent

‘relaxation as the incomplete saturation diffuses through the whole line, _'

and then slower, intrinsic relaxation as the remaining magnetization
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3'::the 2% Cu sample was found to be about 350 kHz, estimating from the
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' }relexes‘to'tﬁe.ziakis.. The diffusion takes place in a time of the order b,
.".of the spin~spin time, whlch we will see in the next Chapter is of the ;
‘ ~norder of 10—20 ms. The data  shown in Fig. lO deviate upward from the udi

| “straight line up to about 50 ms. We again calculate, for the high—
63

”f-fsatisfied.' The’ linew1dth of the a3

resonance at 2. 1°K and L. 2°K in"
) observed width of the echo ex01ted by narrow r.f. pulses. 'As in ’u7
‘Chapter_l,.n = 47 kG/6 kG = 7.8. H, =1k G. AThen:_

Hi?eff'=.nﬁl = 110 G < 320 G = Aw/Y, | o II-yi‘
The saturation.condition'goes the urong way and we ekpect effecte-of'i,
incomplete.saturation. The fact that the straight portion extrapolatesff:
;- to 1—M/M = 0.75 1nd1cates that the line 1s roughly 75% saturated. -
B This means that 75% ofythe spins coupled to the splns involved in the-it
obserred signal are sufficiently tipped awvay from z;axis and randomized 2
by the r.f. comb to te considered saturated.’ | |

The relexation rate for a particular aiioy at a perticular

temperature is quite constant as a function of field in the high field
; region as defined in Fig. 6. There is a barely significant tendency
for T, to increase for higher field. This is.indicated for the four

1
alloys at different temperatures in Fig. 11. When Tl was mesasured in
the intermediate field region, it was found that if the'echo was excited
at the low frequency end of the intermediate band shown in Fig. 6, the
value of Tl lined up well with the high. field value. If-tne echo‘correSponded

" to a middle or high frequency 'in the intermediate region, the value of

‘Tl‘ ranged down from the high field value to a considerably smaller

.data, to what extent the saturation condition;,(II—2), is ﬂq;1 u'A
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where the low frequency resonance .is labelled (l);and tbe high'frequengy

'valué,-thqﬁgh.néVef as small as the zero field T.. This is shown in Fig. 11 b)

one (h). In more extreme cases, the high-frequency time was a factor ,
of three shorter than the low frequency one. This is in agreement’
with theiinterpretation suggested in Chapter I, that the 1ow-frequency '

usignai'comes from fully saturated particlés; while the high-frequepcy_gif

~one comes from particles with a higher coercive ‘field, thus containing

domain walls. . = S -

The field dependence of T

1 in the‘high field region and the low

.g_)frequenCy part of the intermediate field region is so slight that a S

mean value of Tl'appropriate to the 6-8 kG region can be taken as the -

. high field domain bulk longitudinal relaxétion time. This value is

indicated by £he dotted lines in Fig. 11. Similarly constant high field

relaxation rates were reported in Refs. 24 and 27. The high-field relaxa- .

. tion rates, with a factor of temperature taken out,'are-shown in Fig. 12

as a function of Cu doncentration. The error bars represent the

combined uncertainty due to scatter of the data about pure exponéntial

relaxation and uncertainty in determining the high-field value of T frdm

1

the measured valués in the range 6-8 kG. Théllarge error in thé 2%,
4.2°K value arises from the fact that this was the first large—field,‘
high-power data taken, for‘which such slow reiaxation was not expected.
Hence, the signal was not meausred far enough out in time and an
accﬁréte measure of the signal strength at_long timés was not obtained.
The error for the 5%, T77°K run'reflécts thé poorer signal-to-noise

ratio at this high temperature, inducing more scatter in the data.



' 'has the higher relaxation rate shown in Fig. 12, All four samples'wered}'f?

‘- ground . 1dent1cally with Al

P;'ﬁﬂ hatmosphere, cooled as qulckly as the furnace would allow, and ralsed to

The data obeys the relation T T const for each concentration :

withln the 1nd1cated error. It is not understood why_;he 2% sample

, 2: 3 ,
dJVacuum of'about io’h mm of Hg at 600°C for a half hour. The 2.5% and',”

5% Cu samples were prepared by the Materlals Research Corp., while- the i;dbl@\j-ﬂ

7;f;l7 and 2% alloys were melted from the powder in a h7 Hy, 967 He reduc1ng
) ' a temperature about 30°C below the meltlng p01nt for a day to homogenize

3._them by dlffu31on. It is hard to see how inhomogeneity would raise the‘ﬁf‘,fﬁr

‘ 'relaxatlonvrate as 1t is very nearly independent of concentratlon.

With no clear dependence on concentratlon and no reason for expectingf~”l'

'uf-anomalous behavior for the 2% Cu sample, we must conclude that the

_ measured relaxation rate is independent of concentration up to 5% Cu
: ‘The mean value of this rate and r.m.e. deviation are determined by
weighing the data in inverse proportion to the estimated error. ‘Thisf-d."'

"lo "‘l

gives a value of.l/TiT equal to (0.98 * .10) sec °K ~. This value and’’

‘1imits of error are shown by the horizontal lines in Fig. 12.

" B. Comparison with Theory

Moriyal® has calculated ‘the expected longitudinal relaxation rate
in the ferromagnetic transition metals Fe, Co, and Ni. He concludea
that the primary contribution to the_relaxation'is thermal fluctuations
of the orbital field.at the nucleus produced by the d band electrons,
which are treated in the tight binding'approxiniation.28 hKorringa
- relaxation by the_he conduction electrons via the Fermi contact interactlon

is sometimes appreciable, while other mechanisms, such as dipolar and

abrasive -paper and strain annealed in a. .. .07 i% .
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- spin wavé related mechanisms, wére'found'to be negligible. Since both
orbitai and Korringa rates, as direct procéssés, aré prqportional to the’
absolute témpératﬁré as wéll as the square of nucléar coupling, Yn’
'it is conveniént to consider the relaxation raté in the fqrm (yiTlT s
"which shall-ﬁé designatéd R. This éxpréssion,-which i_ proportional
| to thé'sqﬁafé of the.thérmaily fluctuating fiéld at thé nucleus,
facilitates cémparison of the relaiation ratés'in différént materials.,
After account is taken for the mistakes‘iﬁ the original paper,
Vinvolving the densitiés of states, Moriya calculated for the orbitai
10 _ Ni T |

- relaxation in Ni: Ry orb. = 8 x 10”'. The'value of the s contact , 

relaxation in Ni estimated from the known values for Cu and again

‘corrected for the mistake in the density of states, is RN1 TN
A _ 8 contact

0.2 x 10-7. The experimental values for Ni are_RHﬁi)f =15 x 10—7,' f‘
Ni _ -7 25 . R . -
R high-H - 10 x‘10 . Thus, in Ni, the s contact mechanism is

negligible in comparison to the d orbital relaxation., The high-field
relaxation rate, which, it has been argued, is the intfinsic
7‘domain rate appropriate to the calculation, is in agreement with
the ca}Culated d orbital rate within thé accuracy oflthé egstimate,
indicated by Moriya, of about 50%. ‘Thus the high-field relaxgtion.in
Ni can be considered satisfacﬁorally ﬁndersfooa. “
Thé experimental rates for dilute Cu-in Ni; given in IIA, are
Cu T oCu - T

L = - = l+b 10"
RThp £2.0x20 0, Ry g g = (0.19 £0.02) x 10

. The excess
relaxation rate for zero field over that at high field is attributed to
a mechanism related to the domain walls, whose thermal motion relaxes

the nuclei in the wings of the walls, where the high‘power; long-time -

signal originates in zero field. For Cu in Ni, this wall rate is about
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v'*vil 8 x 10 7 while for Ni in -Ni it is 5 x 10 . Since R>ls proportional-}
-f ito the sqnare of. the fluctuatlng fleld at the nucleus and motion of the ?”y“i
‘wall.is 1nvolved, it .is reasonable to take this field to be proportlonalf -
| 'i'to the total f;eld at the nucleus,,Hn, These hyperflne flelds are 75 kGfuﬂifi‘
"75f for ﬁi in Ni‘and h? kG for Cu in Ni.29 So we would expect
;f 'RCu. " ,= /HNl -'0.39.~ This agrees.remarkably with thégi

" ratio of the experlmental values, 0. 36 ; Thls numerology is merely
zrglworked out._‘

'.'rate is of the orderlof the estlmate of the s contact relaxatlon rate
,ﬂ?iconsider the s}tuation for Cu in Cu. There 1s substantial disagreement

'\ among the experimental determinations, all of whlch were made.by obserylngAL

- the onset of saturation in a c.w. experiment . as a function of the'r f’ g

06

=T

wall / Rwall'

>llvsuggest1ve,'since the actusal wall mechanlsm hasn't been spec1f1ed or’ Hw“”“ s

v,

More 1mportantly, we notlce that the high-field Cu 4in Ni relaxatlon -

1n_N1 In order to examine the p0581ble agreement w1th experlment we'

field, .H . These are shown in Table 1. One problem is that at low H

1 1’vf

'lzv'one may not excite the whole resonance llne and thus. measure - apparently

faster relaxatlon due to diffusion 1nto the rest of the line," as

5"-3 previously mentioned. 23 The-hlgh-power, transient metnod gives the

- most reliable measure of the relaxation, but none is availsble for Cu. -

It is reasonable to eliminate the first entry in Table 1 because of its .. 5.

~ deviation from theory and the other experiments on the fast side,

possibly due to incomplete saturation.

The Fermi contact relaxation rate is'given by:

(v Pmm gy B (P2 <|w<o)|2Fs Toe)l? ¥ s
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lwhere <l¢(0)|2 is an average over the Fermi surface and p(e ) is - '?f?}@17

_the den51ty of states at the Fermi surface of both dlrections of hs spins.vf

Since-the'same‘interactlon 1S‘responsible for the s contact relaxation

 fvand.the Khightashift in metals, they are closely related, in the
“f"nearly free electron model, in which the denisty of states (relaxation)

' is proportional to the susceptibility (Knight shift). This is the Korringa

'relation:BS . ‘ ‘
2. 2 o2, e L
| (v, "1,T) (BH/H)® = Ay “/hme, o 1I-6
Pines36 has considered the effect of the electroneelectron interaction, -

which affects the density of states and the susceptiﬁility differently. S
He deterﬁined the ratio of the,density,df states with electron-electron

interactions from the experimental low temperature specific heat,

~ which of course reflects these interasctions. He calculated how the

‘_»susceptibility is changed,vusing many body theory. Using these, he -

obtained a modified Korringa relation. These are tabulated in Table 2.
The mean experimental relaxatioﬁ rate is between the theoretical

v )
ones, being closer to and larger than Pines collective result. This

errs in_the right difection, as there may be other mechanisms unaccounted

for. ‘So within the 20% error in the experiment, the relaxation rate in
Cu is accounted for by s contact Korringa relaxation. |

In order to estimate the expected relaxation rate for Cu in Ni,
one must consider the d orbital and s contact mechanisﬁs. ‘With a

naive interpretation of the rigid band model, one might expect the

densities of states appropriate to these rates to be the Ni densities

of states at a higher éF

tration. Since Nd(e) is not smooth, but varies rapidly in energy,

,» corresponding to the higher electron concen-



”;relaxatlon rate was measured in high field in the 2% Cu alloy and was'

-28— -
the poésibility that' the small fatepfoi:Cu in Ni reflects. a dip.in.Nd .

(e ), whlch minimlzes the a orbital contribution must be con51dered.,

‘A_That this is not the case’is 1nd1cated by the lack of concentration

Y 'Ni, and it seems unlikely that it would drop ebruptly with 1% Cu and .

il‘stay there up to 5%,Cu. A more conclusive'argument is that the Ni

: -,found to be close to the pure Ni hlgh field value. ThlS 1nd1cates'a_ ’f
n'ieconsiderable d density at the Ni sites_in‘the alloy.
‘The observed Ni signal is believed to come‘from Ni's~which are~n6tﬂfi{zﬁ'

i'nearest nelghbors to the Cu 1mpur1ty. In an f.c.c. 1att1ce with 2%,f'f§‘513“

Cu 1mpur1ties, these Ni's constitute about h/5 of’ the total. 1In the Ni_igfff‘“

'screening.plcture of Fig. 2, these Ni's aré outside -the range of the :

the Ni relaxatidn rate in the alloy ue‘neeriy-the.same as in pure Ni, -+ oo

In the screening model, it is assumed that the d states of thellA;;e:i.

isolated Cu are filled.' There is no pOSSibility'of e d orbital reiexeé'?isl;

; tion mechanism, 1nvolving fluctuations of the orbital field at the

‘ nucleus, 88 all-the states are continually,fllled ~Thus the screening

model allows only s contact relaxation. We can estimate this from.the
value for Cu in Cu. It is assumed that the average_density of an s band

electron at the Cu nucleus is the seame in the alloy as in pure Cu.

Then, it is only necessary to compare tne s densities of states to-calculate'

the relaxation rate from II-5. The s band can be treated in the néarly
1/3 .

) « X «nq
g o P
number ofs:electyons/unit volume. For the isolated Cu in Nij, there are

free electron approximation for which Ns(t » Where n is the -

F

;t? dependence of,the relaxation shown -in Fig.. 12. Nd(EF)“ iS‘lerge in pureQF;»i"‘“

| effects of screening the Cu. Thus, ‘it is consistent with this model that i;';t"



»

" order (YnQTlT)-l" .5 x 10

‘29"4 |

O.5§ electrohsi6f‘pﬁre Ni plus 0.1 electron in the screening cloud. In

Cu there is 6ne‘hs’eléctron/atom. So for the screening model we expect:‘
| ' Cu in N{]°

,NS(eF)..

Cuvin‘Cu
Ns(eF) :

= (o.6h)2/3 = 0.7k II-7

'Takingvthe mean experimental value for Cu in Cu, which was in agreement
:iwith theory, and the value measured in the present work, we find the

| | | Voo
experimetal ratio: : 4 o o

' 2 -1 Cu in Ni .
(Yn TlT) 0.19

5 _
(v, T,7)

- 002 J 0 o i3 1.
-1 Cuin Cu =~ 0.20 % .04 958, 0

. The édreening model prediction falls within'éhe experimeﬂtal error.

 However, if it is assumed that the estimated error is too conservati?e,;:

comparison of II-T and II-8 shows that the Cu in Ni relation is slightly .

faster than expected from Cu in Cu. This excess relaxation is of the

T

Ly ~ 0.05. When this is compared to
excess )

2 -1
(Yn TlT) d orbital

x 100 = 8, it is clear that there is very little;v
if any, @ orbital contribﬁtion to fhe relaxation. o
of course, thé éxplanétion of the relaxation. rate presented here  J
is #astly oversimplified._ The screenihglmcdel is‘a localizéd pictufe,
whereas the density of states'is a Band c¢oncept, whose applicability
has not been shown. Furthermore, the interactions between an impurity

and adjacent host atoms are more complicated than the screening

picture, specified only by electron populations, indicates, including

effects on more distant neighbors. The interpretation of the data

rests on the observation that the relaxation rate measured for Cu in Ni
is nearly the same as for pure Cu, which, in turn, is in close agfeement‘

with a calculation based on the Fermi contact interaction. 1In view of



R

the large éontribution of .4 orbital fluctua.tions‘in Wi compared to

the 8 contact rate this agreement indicates that llttle part is played
by d fluctuations. Thls,'in turn, indicates that there are few, or no,
d holes on the;Cu 1mpnrit&, i.e; little or'nO'moment .as one would expect
l the high den31ty d electrons in Ni to scatter strongly with any Cu |
moment , thereby adding to the’ relaxatlon rate. The screenlng model
.prov1des a 51mple phy31cal picture of the behav1or around a Cu

'1mpur1ty 1n N1, reflecting these conclus1ons.
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‘; Chapter III

TRANSVERSE RELAXATION

"A.' Experiment

i te
o ! \

The transverse relaxatlon time, is measured by observ1ng the

2,
; decrease ‘of the spin echo amplltude as the spearation of the echo producing;_'
‘ pulses, T, is 1ncreased. The first pulse tips the»nuclear magnetiza—':r

‘tion fron the z-aris, creating a conerent transverse nagnetization,ewnicn.
- ‘quickly disappears due to inhomogeneous broadening. The second pulse-
again rotatesvthe nuclear'magnetization and.reorients the previous
transverse magnetization_to a position'uherevit proceeds to "unwind".
o the‘reversiblebdecoherence, producing the echo an eQuai time later.. :
.During this time, interactions of the'nuclear spins,-with each otherui !
’"’orvwith the lattice have‘been producing an'irreversible.dephasingpof
the transverse magnetization, which reduces the echo at 21, This
relaration process can be characterized by a sinéle parameter, T2, oniyv }{'
if the echo amplitude obeys the relationé | | | ‘
—2T/T2

Alt) = Aye

This exponential behavior corresponds, by Fourier transform, to a .

III-1

Lorentzian shape for-the homogeneous line. If the line is Gaussian;
8o will the re%axation be. It is then customary to characterize the

. relaxation by the time for the echo signal to drop to (1/e) of its
initial value. This is also called T2, although it'does not have any
place in‘the Bloch equations, which éive exponential’transverse relaxation. -
Examples of these two types of behavior are given in Ref. 37.

The relaxation in zero external field of Cu63

in Ni shows a behavior
quite similar to the stimulated echo shown in Fig. 7. As in that case,
the fast initial relaxation is attributed to nuclei near the center of

the wall with large enhancement. The "bulk" relaxation rate of spins

Lt
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‘Afar outgin;the}vallyis’taken-from thelstraight'.larée.t .data :which};::t-

corr'es;oonds to.'» en-cponen.tial rela:'catioh.l This "bulk" ‘I‘2 of Cu63 in zero. e |

| “field v was. measured in the 2% and 2.5% samples at k. 2°K 77°K and 300°K.,y.

The values, in ms.. are b.2 £ .5, 0, 50 3 08 ‘and 0.27 _,.07 | ';”¢j‘f;"
The behavior in the high field, high power regime is quite dlfferent -

' The’ relaxation rate is slower at short times than at long ones.. This

is seen in Fig..l3, which shows transverse relaxation measurements for iyﬁ””;

PG

at h 2°K in 6 kG field for the same four alloys in which longltudinal i?l
vrelax&tlon in the hlgh fleld reglon vas measured This behavlor‘contrastsu‘iz
w1th the longitudinal relaxatlon, which, 1s exponentlal except for effectstﬁﬁisﬂ~'

. .of 1ncomplete saturatlon as shown in Fig. lO. If the transverse 5

relaxation were exponentlal or GaMSslan the curves 1n Flg. 13 would Iﬂél/’%ﬁ:*‘f:

'.be straight lines or parabolas, respectlvely.' It is clear that they are:—“ S
zj not stralght nor parabolas, because they are. not flat at T = 0. The:~h
curves were f1tted with an arbitrary exponent,,n, which corresponds'to‘d

" 'a relation:.

©A(t) = Ao [(QT/T )" ] TII-2

Again, the data inﬂFig.lj cannot be‘vell-fitted by such & curve,7because'agj

R SN

'l for n.>'1,'the‘curvehis.flatsat t % 0 andjthe data are not. In'order to

fit the data, it was.necessary'to throv'out the.first.point because of

the non—flatness and the large weight of the small T points in a log-log | ’.Ix
- plot after u31ng 1t to determine the T=0 intercept. This fit .
vdetermlnes an exponent, n, and a time to decrease to (l/e) of ‘the

original signal Tet(l/ )* These parameters, chosen for the best f1t

are shown for the data in the 1ntermed1ate and high field region in Table 3.



~If T, obeys a relation_T

L, N
R S ¥
[ v ¥
T .

‘“:It can be-Seéh from Fig. 13 that the-reldkatioﬂ*curves mey apprbach_',

& stféight'iiné_at long times, For two'réasons; it is difficult to

':‘ tell whether this is actually the case. First, the signal-to-noise

ratio is poorest-for these weak signals. Second, it is always possible-;‘7

to fit a small portion of a curve by a straightvline; With the exponents, f.

as given 'in Table 3, in the range 1.0-1.5, it is hard to distinguish:

the curve from‘a-straight'line. The data at long times correspond well

. to the curve with the tabulated exponent.  However, this is mainly due

to the T =0 intercépt,‘which*is included in thé fit, whilé a straight
line at'lqng f would cbrréspdnd to a much highér_intércépt. A fit to
a straight line‘wasAmade for the data past a certain f;;chosen by eye
as corrésponding to the straight portion. This fit détérmined the

relaxation time, T ‘given in Table 3. The straight and curved fits- |

2,

~ shown in Fig. 15 seem to be about equally good for. the long T data.

B. Comparison witﬁ Theory

There cén be contributions to the transverse relaxation from both c
spin-lattice and spin-spin interactions. Thus we can separate the

transverse relaxation rate:

=Xy 1 -
- (T )spin—spin f (T2) Ii1-3

2 2

e’p

spin-lattice

A ,T = const., this indicates that the transverse

relaxation rate is dominated by spin lattice relaxation (=T) rather than
spin-spin relaxation (weakly dependent on T). In ferromagnetic metals

: =1, -1
where this behavior is obskrved , it is often found that (TQT) l/(TlT) >1,
38 |

e.g. for Ni6l in Ni, Tl/T2 = 3. This is surprising in view of the fact

that, as was seen in Chapter II, the spin-lattice relaxation in Ni is



T f39f

‘1

‘_dominated-by'the d;orhital‘mechanism:_ Since this mechanism is. isotropic, . | z

~one would expect Tl = Ty walsteat 32 has explained:the discrepancv'hy

assuming that fora I > 1/2 the quadrupole broadening removes all but the .

m=t 1/2 tran31tionvfrom the observed resonance.llne.' With this
assumption, he obtains encellent_agreement;with the observed'ratios;
It is reasonable to-assume at least as much:duadrupole broadening ithhe
© Ni-Cu alloys,lwhere-the,cubic symmetry is destroyed, as in pure Ni, :
V'C 63~has the same nnclear spin as Ni61,51_= 3/2, so'Walstedt's theory'
.predicts the same ratio T /T = 3.2, assnming that the signal comes

.u-entirely from the + 1/2 transitlon and that spln-spln interaction is

21_negllg1ble or subtracted out.

63

'The transverse relaxatlon measured in zero f1eld of Cu

2"

- given in Section A for these samples, we find values of - T T (in ms°K)

 and 2.57 Ni Cu samples does not . obey T, T = const. From the values

equal to 18 ¢ 6 and 81 * 18 for L. 2°K T77°K , and 300°K,

1=

, T T at h 2°K may 1nd1cate the presence of spln-spin effects. Since
,-<—-)

spin—spin contr;butlon to- T is to lower EéT at lower temperatures.;

‘ respectively. This is to be compared with T.T = 100 ms°K. The shorterui';

spin-spin is relatively temperature independent the effect of
. However, from the spln-spln relaxation times we will deduce in connection
with the high field'transverse relawation;'itvis clear thatAspin-spin..

‘ interactions contribUte negligibly to the T2's measured at TT7°K and
300°K. Yet even here where spin-lattice relaxation dominates, we do

not find T T = const; The T7°K value agrees roughly with” Walstedt's
lpredlcted T /T However at 300°K the situatlon appears nearer to '

po= 39 for'Ni61 in Ni, for which at

1 % Similar behav1or was reported

l-SOK and 1&.2°K, Tl/T2 233’ while at 77°K and 295°K, T = D ) . ’a :

‘in the 2% .,

———
-~
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T

These measurémentslﬁere also made in zero appliéd fiéld, S0 thét relaxation -

due to wall.meéhanisms‘is important. However, in high field, in the

absence of domain ﬁéll omplications, the observed Tl/TQ is in good agree-

38

ment withlfheory, S0 fhat we may apply Walstedt's theory with some’
confidence in the high field, domain region.
Using Walstedt's estimate of the maximum contributidn to transverse

relaxation from spin-lattice relaxation and the observed T, of

Chapter II, we can determine the relative importance of the spin-spin

and spin-lattice mechanisms in the transverse relaxation measured in . .

the high field region. From T.T = 1.0 sec®Kk and Tl/Tz}spin-lattice = 3,f o

1

we arrive at (T2) spin-lattice = 80‘mé and 160 ms for T = 4.2°K and 2.1°K»*5 :

respeétively. These values are muchvlonger than the observed Te's at

,

- these temperatures shown in Table 3. This indicates that the transverse

_relaxation is dominated by spin-spin interactions.

Since the relaxation observed fdr C§G3Yin Ni in the high field

f region is slower at first, it is not explicable in terms of successive

 signals from nuclei in different environments, as was the case in zero

field. If this were the case, the slower relaxing (longer lived) signal

‘would predominate at long times. Since the iongitudinal relaxation of

the high field signal was explicable in terms of a single type of
environment, namely the saturated bulk,rit is reasonable to expect the

same to be ﬁrue of the transverse relaxation of this signal. Assuming,

therefore, that the transverse relaxation is homogeneous, it represents

- the Fourier transform of the homogeneous lineshape of the nuclei

involved. The curves shown in Fig. 13, which are curved for small T
and then go over to straight exponential, suggest a linashape which is

Lorentzian with a cutoff. Physically, the cutoff corr:sponds to the

7
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maximum_inté;actién4betweed spins. .If”we'pictﬁré ﬁﬁé‘fransversélﬁ
: dephasiﬁg procéssfas séinsxpréceésing 1# fiélds-dué to intéfactiénsf?;;l o P |
;Z:Withibthér'épins,'thé'maximﬁm_interéction,impliés’a’maximum raté'at S
*.Tiwhich spihé can déphase; Tﬁe éiponentiai béhavior at short times
'4;corrééponds fo féﬁ, fastlfélaiing spins‘way'oﬁt in the wings of the
J.‘-Lérentéian~1ine; With the qutoff; fhére afé no suéh fast rélaxing' ;:v
- spins and the: fate{is slowed down at short times, as is observed.

The dominant spin-spin interaction in a ferromagnet is the -

;ij'=Suhl4Nakamurd interaction.ho The Suhl-Nakamura mechanism-couples

hucleai spiﬁs-by éxchange of a virtual spin wéve,'to_which they are’. -g; }f;'f
}coupled'by the transverse hyperfine interaction, H = A I.S. The

nuclear Hamiltonian for a cubiec bryétal,is:hl

SNel vyn'nso 0 Tk
i# ‘!;::za. v o . v .\' S
" where the asymptbtic.form of ViJ is: - |  ; ._rh L K -:;nghfl‘_ l‘ﬁ"
. o e ikm,. ¢ BRSSO
- . 4AS oy oAy o - T B
Vig = - Bmg) G "% - oo IS
e i) . o

: W
. o g (eyl/2
~in which 1/K = d (‘*’a') .



T 3T
";L,i ‘
'»' w is the exchange frequency, given by' ,ﬁw = 2JS W is the sum.of
the electronic Zeeman and anisotropy frequenc1es, for a ferromagnet, and‘

a. is the lattice spacing.

0
vTo estinate the cutoff in the homogeneous lineshape, we evaluafe n"

- ViJ for neﬁt nearest neiéhbors. It,ie aseumed that Cu atoms with a

Cu‘nearest neighbor éépériéncé a quite.different hyperfine fieid'from -

that in an‘isolated Cu. Thus Cu-Cn paire are shifted out of the |

”'observed resonance. Thus it is appropriate toiuse the next neareet

: nelghbor dlstence to estimate the maximum 1nteractlon felt by observed ;

'nuclel. Pincus et al.hl state that for (w /w )1/2 >> 1, which is satlsfied

| in the present case, III-5 is valld for smalHKr‘. It is questlonable,'
. however, that it is rery good as close ae-next nearest neighbors.
'Nevertheless, I1I-5 gives a good enough estimafe'for this rough
comparison.

| For the quantities.in III-5 which refer fo snin waves, we use vaiuesv
Hfor pure Ni, since the sbin waves are not drastically affected by a few .
percent Cu. .Thus, w_ is evaluated using»ﬁwe = 2J8. ”Jlis determined fronﬁ.

‘the coefficient of the Bloch T2

13 -1

law, J = 230k,, S = 1/2,h2 giving -
= 3.0 x 10"~ sec . A can be eliminated in favor of the known

W
e
nuclear frequency due to the hyperfine interaction, AIS =4ﬁwnI,

Thus taking r., = /Eiéo, we get

LY f 2
) . "
S-N _ -~ °n 1l v
Vmax = 8mSw, V2 ‘ I11I-6 .
w2 | '
s-N _'n__ AEPv-IES | _
max_— WJ; = 1.9 x 10" sec ITI-T7

By the Fourier transform argument, we expect the relaxation



; ‘curve to”shreighten for 2T ~ (w, ;%Jfl = 5 2 ms.;vThie;ie'in order;of f£n7A7e5“-
magnltude agreement with the’ estlmated p081tlon of the’ beginnlng -of the W
o ‘stralght'llne'flt in Fig. 13., which 1s about ‘at 2T = 20 ms. Cons1der1ng.
--the roughness of the above calculatlon, this is reasonable agreement.>
Pincus et za.l.l‘l have considered transverse relaxatlon due to the,
Suhl;Nekamura interaction, in the presence of inhomogeneous broadeningJAv

" ."As -an indicator of the lineshape, they use the ratio M, /M 2, where M
. : ‘ 4/ o 2 TEEEE Ty

" is. the nth moment of. the line profiles. This ratiovequals 3 for a -

Gaussian line and.is large for a cutoff Lorentzian line, approaching ‘f€{5f7vi'“"

infinity for & pure Lorentz. For a homogeneousrline and 100%'conCentra;v;5:‘
jtion of iike:nuclear.spin85 they find a nearly Geuesien line. The-inhomo-;ﬁié

. geneous broadening detunes nuclei of differenf-frequenciesi'inhibiting'.t.

the Suhl-Nakamura interaction between them,~since'it is an energy conserving$A,

'o‘process.' Thus, inhomogeneous broadening decreases all the moments.

It &ecreasee M 2 more than M) however. This is because the interaction'

2

' is more effectively detuned by inhomogeneous broadening for distant
snins, uhich feel a ueaker inneraction, es given by III-S The strength
of the S-N interaction at the nucleus involved is roughly the maximum

" allowable nuclear Zeeman.energy'non-conservatlon. The fourth moment

is more sensitiue to:the strong, short range inueraction and is thus
 less reduced by the long range detuning. Thus theiratio Mh/M22 is inoreased,
which leads to a neerly Lorentzien line. This effect is similar to é
dilution of interactiné spins, which was examined for dipole-dipole -
_interactions by Kittel and Abrahams.h3‘nThey find the transition from
Geussian to cutoff Lorentzian between 10%.end 1%. 1In the present j'
experiment, both inhomogeneous broadening and dilute Cu63 effecﬁs are .

present.
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‘:. The Suhl-Nakamnra second moment can be calculated neglecting
'detuning from inhomogeneous broadening, using Van Vleck's formulatlon.
The second'moment is linear in concentratlon, as the sum over.51tes
occnpied’by the nnclei of interest can:be replaced by ¢ X the sum orer

all sites. Therefore:hl

M =
2 éﬂn‘ ﬁ o,

I(I+1)c (AS) (E)l/2 o o VIlI-8

Slnce we are going to compare this w1th ‘the high field data we take

= y (H + H ) with H = 6kG, H_ = 2kG. The rest of the quantltles,;_f{;

4 are obtained as in ITI-6 and we obtain:

Bug_ = /ﬁ; =/3x 6 x 105 sec".li | . 11I-9

The experlmental transverse relaxation. rates, l/T2 L(1/¢) and
_.‘1/';['2’°° are plotted in Flgs 14 and 15, respectlvely, as a functlonv'

ioffc and /Ej- As can be seen in Table 3,:the measured values of Tgyarév“ﬂ
| "not constant in the high field region, as was'Tl, but show roughly a.
5% increase between 6 kG and 8 kG. This increase can be explained by
‘the w term in lIIQB. Assuming,.:roughly, that l/T2 clAws_N, we exnect
T, = wallh' Using w, = Ye(Ho + ha), this7predi§ts a 6% increase in T,
between 6 and 8 kG, invgood agreement with the observed value. . The
value ueed in Figs. 14 and 15 are an average high fleld value, appropriate
to 6 kG, since data are available at this field for all the runs. |
Because spin—spin relaxation must disappear for extremely diluteisamples,_
the rate for ¢ = 0 is expected to be that due to spin-lattice relaxation,

(l/T2) spin-lattice = 3.2/T1. This value is shown at ¢ = 0 in Fige. BRI

and 15. The most convincing concentration dependence is shown in Fig. 15 a),
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5 vs jgc'fFrom the3s1ope'of;Eig;_1Sfa);iwe find the. experimental |

L

) l/T2 o

_relatlon’“f ot o o : o
-Q;- /_ x 0. 75 x 10 1 -: - o - III-10 . .,
‘:_The concentration used in III-10 is the Cu concentration. " However,

63 concentration, since the Cu63-and'_ "

resonances do not overlap. Cu63»isf707 abundant, so.we'must convert

"MVJ_III—lO 1nto a it to. the square root of the concentration -of cu®3 by - -

1what is of 1nterest is the Cu

Cu_§5

..'the relation /E;ot-- c63/v Thus we obtaln the correct experlmental fit
N, /’ x 0. 90 x 103 Lo

ITI-10' .
T2 o | N
For a?Gaussian lineshape, one has thefreiation:

2 (1/e) yf' 7N . . .
'Thus'comparing III—lO and III-9 via III-ll we see that the rate predicted
"""" 2 by.the Suhl-Nakamura interaction without considering inhomogeneous -
i*.broadening,.isvabout five times faster‘than the»experlmental value.
. This comparison was -chosen because fié.;isa) shows the onlyrl,
- reasonable concentration dependence. -Howeuer;jif_we use the long fime;." =
exponentialjrelaxation rate, wve are assuming a cutoff Lorentzian line- .
 shape. _Iﬁ fhis_linit, 1/, is expected'to be . proportional to c, not |
Vg.hl’h3 Tnus it isAdifficult to eXplainithe £it. Nevertheless, the

factor of :five' is a rough estimate.of the weakening of the S-N interaction

due to inhomogeneous broadening. An estimate of the amount of inhomogeneous N
_ : - Aw, : :

broadening is given_by considering the ratio KE&EEQEQ. ‘Using the value
: - . SN .

- = 350 kHz, and

measured- for Cu6‘3 1n Ni at low temperatures, Af,
' 1nhomo

ITI-9 we find this- ratio to be about'350.f Only the microscopic part of



C -
: this-inhombgeneous.linewidth is effective in détuning the nuclei,

Portis"® shows that: 1/T, is reduced from the S-N value by Awg ./AQ o

:'whéré AR ié the‘micfoscopic part of the inhomogeneous linéwidth. Since

: it ig'not.khownfwhat part of'thé obsérvéd linéwidth.is microscopic, it :
" can only ﬁé obéérved that the above factor of‘350 is ample to explaiﬁ'1' 
'.thé {fﬂvéLfﬁl&ﬁ weakéning of the'Siﬁ intéraction.v

A quanfitative'méasuré of the observéd shapé of the relaxation is ;1_: 
,  thé'éiponénfs listéd in Tablé 3 which give the bésf fif to the cur?es .

in Fig. 13. As previously mentioned, these vary from about 1 to l.S,-*txﬂ‘. '

A.‘where 1 corresponds to exponential relaxation and 2 to Gaussian. Itvié. N_Yffi

63

expected that in the present case, where the Cu’> is both dilute and

quite inhomogeneously broadened, the exponent would be close to 1.

However, the Kittei and AbrahamshB'calculationvof the effect of dilution ' - 3f '

is for the case of the dipole-dipole interaction,,which falls off as

3
iy

1/r Likewise, Narathh6 reports a transition of the transverse

- relaxation from Gaussian to Lorentzian for decreasing concentration of .- o

Ag in Pd. Hé indicates tﬁat'thé transition occurs soméwhat.above 10% Ag,: '
in rough agréemént with Kittel and Abrahams. In‘this case, the transverse
Zsirelaxation times are much shorter fhan‘the'léﬁéitudinal ohes;'and afev'
, prgsumably caused.by the Ruderman—Kittel interaé#ion.uTJ (In Ni~Cu, tﬁis
_intéract%on is much wéakervthan the SuhléNakamura iﬁteraction,) This
interaction of the nuclei through the conduction-éiectrons also goeé
asympfotically as'l/rid3._

Since the transition from Gaussian tovLorentziQn with,decreasing‘

concentration takes place as the nuclei go from significantly interacting _

with many other nuclei to only a few, it is to be expected that the



: transition will occur sooner for shorter range interactions. A l/r3
linteractionxis limited_to very few neighbor shells. ~The Suhl-Nakamura
f'interaction7goes as.%-efxr.- Cons1dering the increase in numbers of

neighbors in a given shell, which is proportional to r2, this interaction
Ny - e @ ‘ _

does not cut off until l/K. Evaluating 1/K =g %fi in.the present ,

0

u'-;experlment,,_we find a range of about ll lattice constants, which 'is a

much longer range. Thus it is expected that the relaxation will not have:}tﬁ}f?

‘ become exponentlal until lower concentrations than the 107 of references :\.

- h3 and h6 However, there is also the large detuning effect from

?tirlnhomogeneous broadening, which Pincus" et ‘al. h~ find is enough to make

e the relaxation exponent1al~even_w1th lOO%.nuclear concentration, as in
. the antiferromagnet MnF,, . | |
The experimental situation can be investigated by looking at the -
;“dependence of'the exponent listed in,Table 3 as a function of field,
temperaturea and concentration.' Thevexponent increases slightly in the -
':high fleld region, corresponding to the increase in T2 previously
ii_mentioned. It is interesting that in the intermedlate region particularly
. atlhigh frequencies, where wall effectsfare’still'important the exponents
Jare close to one.: This agrees with the exponential relation observed
r‘.at long time for spins in the w1ngs of the walls. The exponent is
1ndependent of_temperature w1thin_exper1mental error, at 2.1°K and
4, 2%, At 77°K,che exponent decreases, but'here, it-is-expected
that spin-lattice relaxation becomes appreciable, so the situation
becomes'complicated. 'The exponents for 6 kG atlhelium temperatures are
ro_ugnly'l.-'3o, 1.45, 1.k, 1.8 for 1%, 24, 2.5% and 5%. Thus, the
concentration dependence is in the eXpected direction, closer to 1 for

lower concentration.
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e ‘In:f‘_éohélﬁsion; we have! attrib‘ﬁt;:dv‘ the 1oﬁ-témpératuré , high-field, N
’.tfghsveréé relaxatibﬂAto.spin—spin interactions bécéusé:of the_large

?:? Ti/T2 fatio andvth; slight'témperaturé depéndéhée of T2 in thé 2.1°K

.~ to h.2°K régiOn.. Thé relaxation is obéérvedvto bé intérﬁédiaté between

'~éxponential (Lofénfzian) and Gauésian-béhaViqr. The data can be

) interbretéd‘as a,curve‘with~intermédiate.éxponént or as a cutoff Lorentzian, |

fwhich'may Be équivélent. Thé'fact.tﬁat nonQLoréntzian-behavior is observedﬂ

- at éopcéntrgtions.for which systéms in which dipole-dipole interactions

t dominaté are ﬁorentzian,;is attributed to the longér range of the'.

. Suhl-Nakamura interaction. The observedvrelaxation rate is smaller than

- calculated from the Suhl-Nekemura second moment. This difference is

‘o jf attributed to detuning of nuclei by inhomogeneous broadening, which

prevents them from interacting by the S-N interaction. It is not.undér;_v

* . . stood whj this detuning does not produce a Lorentzian line, as predictéd.

b1

:':by Pincus et al. = Although the samples were homogenized, as described
~in Chaptef IT, it is possible that the Cu atoﬁs are not randomly

. distfibuted. Ir they tend to‘cluster, the effective concentration is higher,

and onevwould expect,é more Gaussian line. Another possible source of

disagreement is the calculation of the Suhl-Nakemura interaction in an-

alloy. Eq; III-5 was calculated for a homogeneous medium. In the

- case of a Cu nucleus in Ni-Cu, the coupling‘thfough the hyperfine~

field to the d band is not as direct as for Ni, assuming that the

Cu has no moment. Thus although the S-W is éxpectéd to have the same
as&mptétic form as III-5, ﬁhe coefficiént would have to be determined to

‘match thé stréngth‘of the intéraction gt short range. Thus, it is

possible that the detuning by inhomogeneous broadening is less



il
effective in'chapgi;g the lineshape. Thus, the observed transverse.
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relaxation of ¢u in’'Ni-Cu has not been explained, although it is

clear‘thatvspin-spin.effects are invplved;".
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» Chapter B

APPARATUS

A block diagram of the experlmental setup is shown in Fig. 16
The oscillator is an Arenberg PG 650 pulsed oscillator, which nomlnally
‘ delivers 100 watts of r.f. power. The narrow band preampllfler and.
_wide band amplifier_are also made by Arehberg.-” ‘

The sample matching network is shown-in Fié. 17. The diodes are .
1N3728, whlch have & typical high 1mpedance ( ) at low voltages and
small'lmpedance'at high voltages. The purpose of these diodes and
. the A-and K-cables is to dlrect the r. f input into the sample, thereby ;
also reducing the ampllfier saturation, and to direct the r.f. signal
T to the pre-amp. The diodes at the oscillator act like & short for the »
-1 high level r.f. ihput pulses, -so héve no effect at this time. Likewise.
the diodes at the'pre-emp,look like e short. Howevef, by transmission
'line theory, a shortvcircuit is trensformed into'an open circuit e
_quarter wevelength away.,'Therefore at the Junction to the sample, .

" the cohnectionvto the pre-amp locks like an open circuit, so most. of
the.r.f. goes down to the sample. For the very low»voltage echo signal,
the diodes act. like a high impedance. The diodes at the pre-amp, '
. which are in parellel to ground, have little effect. The diodes at the
oscillator are in series and transformat1on by the %-line leaVes them
~unchanged, looklng like a high 1mpedehce.' Therefore most of the echo
signal goes to the pre-amp. The actual effect of this.network is not
55s dramatic as the above explanation promises, but it is a worthwhile
improvement,

In order to achieve optimal matchiné to the sample, it is
necessary that the line leading to it be terminated in its characteristic

impedance, in this case 50 . The sample is in:the coil of a resonant

'



1rcuit to enhance the input and output voltages by the Q of the circult.

= AL capacitor, tunable from the’ outside completes the resonant circuit. -

:'_At resonance the reactive components of:the ¢oil and capacitor cancel,
l‘_~leav1ng a purely re31stive 1mpedence due to the losses in the sample.
zFor a 81ngle layered c01l, whose length is about l 1/2 times the diameter, 7
the Q at 52- MHz was. found to be about 12. This was, of course, with )
'a Ni-Cu sample filling the c01l The number of turns‘was adjusted to
 give a value of L so that ‘ - ”
wL/Q 508 L . - O Iv-l

This condition was satisfied for a lO turn coil having an inductance.
of 1.8 uH With the sample resonant circuit matched to the characteristic .
'1mpedence of the coax1al 1line leading down into the dewar the length o
of this- line is immaterial | |

The variable attenuator after the amplifler is used to measure the i"
signal amplitude accurately, which is crucial in measuring the:
relaxation rate; Slnce the Arenberg is a pulsed not gated oscillator, i
itiwas_impossiblectofuse phase coherent detection,_which assures linearity;
L The.diode'detector and yideo amplifier in.the.Arenberg receiver was
found t&fbé nearly sQuare law overba wide range. However, rather than
depend on this?powerilaw, the hQ dB amplifier and precision variable
attenuatorwwere-intrOduced between the amPiifier and,detector. The’
Arenberg'amplifier was found to be linear over a wide range for
sufficiently lou gain. As the-signal strength decreased- the attenuation
was decreased to keep the r.f. level at the detector approximately

constant. Since the attenuator varied 1n steps of 1-dB, there had to
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,ibefsmellrrerlaflons;ln bhe;detected{signel_sbrength;"Forlbhis.small
‘range, the' pover lay of the detector was determined with confidence;
é‘and 8 small correetion made'tO'the signal strength read from the attenuator. -
| A borcar-integrator, produced ‘by the»Physics Departhent Electronics

‘ Shop, was used to improve the signal-to—noise ratio.: The echo width
‘Tuwes of the order of e.mierosecond. The borcar gate width was also of .
f:vthe same orderr,hStability_of better than 0.1 s was thus necessar& to .- )
-{;:keep.the]boicer gate,posltioned on the'echo: The»releiation bimes, endtf?f

:hence pulse separations;'were on the order‘of'tens of milliseconds. ,

_ Thus the pulse separatiOn had to be stable~to 1 part in'lOS. This is - ;;‘U'
beyond the capablllty of analogue pulse delay units, such as the
’ Tektronix 160 series. Therefore the Phy51cs Department Electronlcs Shop
designed and built for me a dlgltal pulse delay unit based on the
,stablllty of a 1 Me c¢rystal oscillator. This unit puts out pulses withrl'“
v: a set separation to trigger the oscillatorvand_a pulse to trigger .

the boxcar an equal time later, for a T, measurement, or a pulse to

2

.7 start the echo train a set time-after the last saturating pulse in

. the Tl configurationv This dlgltal delay unit gave crystal osclllator'-#'
accuracy and stability (better than 5 parts in 10 /day) to the cruc1al
-long time mntervals, while all the other-‘less crucial, tlme 1ntervals,
such as phe'r.f.‘pulseuwidths, werepgenerated'by analogue deviees.
In the'high field region, maximum r.f.epower uas desired to excite
the whole line‘and achieve the desired turning angles for the spins
in the domain bulk. With the matching hetwork described above,

instantaneous power dissipation of about 1 kW was achieved. In the

Tl experiment at 77°K§ the saturation pulses took up 150 us of a 50 ms



period, or a duty ratlo of 3 x lO 3 | In this case, the average power
; d1331pated was 3 watts.' In the more frequently encountered 51tuatlon:
‘at hellum temperatures‘ where’ the relaxation tlmes, and hence perlods;
'were longer, the average power d1331patlon was about 0.1 watt.  In’
‘ order to assure temperature stabllity w1th thls much heat generated

. the’ powdered samples were embedded 1n_Aprezon N—Grease whlch 1s

- A,easily.penetrated by the powder at 10090., At ‘the exper1mental temperatures,'

- the N-Grease freezes and has a hlgh thermal conduct1v1ty, -thus

facilltating_the-neat transfer.to the liquid (He or N2) in which the
r;".sample is immersedsl'lhe sample fitted”snugly, but'open . in the coil.fﬂf
To assure free flow of cooling llquld about the sample the can in which
the sample c011 and tunlng capacitor were located had double 31de

alls of Cu screen about 1/8" apart ; Thls allowed the liquld 1n,'t‘
whlle effectively screen1ng out r. f n01se partlcularly telev131on

31gnals whose band starts at Sh MHz.
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TABLE I

_C.:w:gsefufefidh Determinations of Tl of Cu63 in Cu

fiizi}ljfl 7;¥TV Refefeﬁeef Yeer";xQTemperature'Rehge-(QK).‘qe T“T T(se¢°K)?~

Jve31‘g';f g¥f1955¥;;f‘room temperature k' 0 90 f.flaffu

29T Lk

1.27 .10

;Jv33f4}"' ‘T1958?’fx ;:$}0~80fif.l5f} )

| Averaging last three values we get TlT = 0 97 i

‘or (y T T) -1 X 107 = o 20 +'0.04 -
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' TABLE II -
T Th'e;c’ret_vica.flu_De'termmation of Tl' from Knight' Shift
.'Methpﬁ_ g L (v,’T,7) " x 10" o TlT..
Korringa.-rela.t:l._on""' ' : Q.29 o o 0.69

 Pines collective theory .  0.17 1.2
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Fig. 1: . Slater-Pauling diagram, showing the average atomic moments of

binary alloys of the elements in the iron group. From Kittel,

Introduction to Solid State Physics, 3rd edition.
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Fig. 2: Cross section of an isolated Cu atom in Ni. 'The numbers
 indicate the average number of holes in the 4 shell

assumed in the screening model.
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Fig. 3: a) Spherical ferromagnetic particle with a 180° Bloch wall.
" b) Direction of the magnetization versus position for a

© 180° Bloch wall.



Fig. 4: Saturated or single domain spherical ferromagnetic particle. -
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Fig. 5: Resonant frequency versus external field for Ni6l in Ni
sponge. The A indicates the calculated intercept of the

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

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

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

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






