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Nuclear Magnetic Resonance in Imperfect Crystals *
by
N. Bloembergen
Division of Applied Science, Harvard University

Cambridge, Massachusetts

Abstract

A systemztic survey is made how various kinds of imperfections in
a crystailine latidce will alf&ct the position, breadth. shape and relaxation
time of the nuclear magnetic resonance. In accordance with Seitz!s classi-
fication the following imperfections are considered: (a) dislocations;
(h) vacant lattice sites and interstitial atoms; {c) foreigm atoms in either
interstitial or substitutional pesition; (d) electrons and holes; (e) phonons;
(f) excitons. Their interaction with.the magnetic dipole moment and the
electric quadrupole moment of the nuclei at the normal lattice sites is dis-
cussea and the available experimental infermation is reviewed.

I

Introduction

The nature of imperfections in nearly perfect crystals has been studied
extensively during the last two decades. An excellent synthesis of this broad
field has been given by Seitz [ 1]. At the time his report was written only one
or two connections between crystalline imperfections and nuclear magretic
resonance were knswn. During the past few years several new examples of
the interplay of magnctic resoaance phenovincaa and imperfections in a crys-
talline lattice have been found. Some of tkhese have receniiy been reviewed
by Pound [2], some others will be discussed in more detail during the Bristol
Conference. It may be profitable to give a broad and systematic review of

the possible interactions between nuclear spins and lattice imperfections. In

*Part of this research was supported jointly by the Office of Naval Research,
Army Signal Corps and the U.S. Air Force. This paper contains the matsrial
cf two lectures presented at the Bristol Conference, July 1954. The author is
indebted to the ONR for transatlantic transpcrtation.
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the course of this survey the cpportunity will arise from time to time to point
unsolved problems and directions in which further investigation might be
fruitful. Some special attentisz will be paid to metals and alloys, where
coaduciicn clectrons and forsign solute atoms cause prominent effects. It

is hoped that this review will stimulate furiher research in a field, the ex-
ploration of which seems to be still in its infancy.

1 T B B ey

According to Seitz the imperfections to be considered can be classified
as:

(a) dislocations

(b) vacant lattice sites and interstitial atoms

(c) foreign atoms in either substitional or interstitial positions

(d) free electrons and holes

(e) lattice phonons

(f) excitons
These imperfections may change the distribution of the internal magnetic
fields and the gradients of the cryitalline electric field. In Section Il the
interaction of these imperfections and the nuclear magnetic dipole moments .
is discussed, and Section iII deals with the interaction with the nuclear electric

quadrupole moments, -

+ The direct effect of transient imperfections in the form of light quanta,
charged and uncbharged material radiations is negligible, unless one wishes
to consider the radiofrequency field inducing the nuclear spin transitions it-
self as photons disturbing the lattice.

I

Magnetic Dipole Interactions

In diamagnetic crystals the internal magnetic f!2ld acting on a nuclear
spin consists almost entirely of the contribution from neighboring nuclear
magnetic moments. The random spin orientation of these neighbors gives rise 5
to a line broadening of the magnetic resonance line, whase second moment
is given by the celebrated formuia of Vax Vleck [3]

- 4,2 ) 2 2
6v) 2 = 1(1+1\ Z rof (i-3cos® 0 )%+

J
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where the zecond moment is defined by

- T Vi "
s« [ vt arar [ arar -,
e ) °

g(v) is the normalized shapefactor of the absorption line. The first summation }
on the right-hand side of equation (1) extends over all identical nuclear spins j,
the gsecond sum over all different spins f. The nuclear gyromagnetic constant

Y relates the resonance frequen~y with the magnetic fiald

NACCEL R o B cocatll ikl

2% Vo = YHO ’ (2)

Toj and T of #T€ iniernuciear disiances and & is the angie beiwcsn e radius b
vector and the magnetic ficld K . The magnetic field acting on the nucleus
will be compaosed of the external field H  and the internal or local fields.
The dipolar interaction produces random variations frcm the mean value H o’

v which find their quantitative expression in equation (1).

A. Dislocationa

In the neighborhood of a dislecation the internuclear distances will have

¢ changed somewhat, but usually less than one per cent The corrssponding

E change in the width &f the resanance given hy equation (1) is therefore negli-

B

i’ gible. Howeyer, if the nuclei under consideration have a quadrupole moment, l
F a change in ihe vaius of ‘.,"ae second moment will occur, ag will be explained

3

& later when the quadrupole effects are discussed.

4

b

% The contribution of the electron orbitals to the magnetization, which l
% is of course zero for completely filled bands, is usually quenched by the crys- i
ﬁf, . talline electric field even for incompletely filled sheils. The small change in

;: the crystalline fields due to the strains around & dislacation will not change

b this situation. In pardcular, a diamagnetic substance will remain diamagnetic

under deformation and the contribution of the electrons to the internal magnetic

fiel<' at the position of the nuclei in the solid r2mains negligible.

It is conceivable that an indirect effect may occur in the presesce of ’
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Paramagnetic ions, The Hamiltonian containing the crystalline field split-
ting and the apin-orbit coupling of these ions may change, and therefore the
relaxation tin:e of the electron spins .could be changed in a strained lattice
if the symmetry of the crystalline field is lowered by the deformation. This
might in turn change the relaxation time of the nuclear spins by a mechanism
which will be discussed in paragraph (C). As the influence of deformation on
the electron spins in paramagnetic inaterials has received little attention and
=¢ it i8 only a side issue for the nuclear resonance, we shall not pursue this
matter any further.

We arrive at the conclusion that dislocations in general have a negligi-

ble influence on the nuclear resonancé in the absence of quadrupole effects

E= o)

txl

. Vacancies and inierstiiiai atoms

The presence of vacancies and interstitial atoms will cause an obvious
change in the summationa of eguation (1). Since their concentration will
usually not exceed 1 atomic per cent, the second moment in the static lattice
rernains practically unchanged.

Nevertheless, vacancies and interstitials can have a pronounced cffect on

the line width and the spin lattice relaxation time. At sufficiently high temper -

atures they make diffusion possitie and as ihe individual nuclei carry ount dif-

fusion jumps, the internal ‘magnetic field acting on the nuclear spins will

have a timme dependence with a characteristic time given by

=3 ] -
T T Vaigr = Vap P {-(Eact+ Evac)/kT} (3)
where LB is a constant of the order of the atomic vibration frequency, E

vac
is the energy for formation of 2 vacancy or interstitial atom and & is the

activation energy necessary to move such a vacancy or i!:terstitialaifrer an
atomic distance. Time-dependent internal fields have been discussed by
Bloembergen, Purcell and Pouad [4] fo1 nuclear rzlaxation effects in
liqu.ids‘. The same treatment applies to motion in solids.
The line width due to dipolar interactior. between randomly moving
dipoles with a correlation time 7 is gil\;ezn by the appro::imalt/ezformula
I/T2 =6V g = (,%,)1/Z (tﬁv)-z} {arc tgl ?..Z“Bveﬁ)} (4)

Al ~

and the relaxation time by

r A
1/T, =K —‘g‘t‘? + (5)
1 (1+4ﬂ “vg t 1+ 16w Zv::‘) 'r'Z/
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in general there will not be a single characteristic time, and a mozre
accurate integration oger a distribution of 7's is appropriate. A refined
analysis for the diffusional motiion and its effect on the n':clesr relaxation
has been given by Torrey [5]. The effects of diffusional motion in solids
on the nuclear spin resonance was first discovered at the University of
Illinois in metallic sodium (6], but similar effects will occur in any solid

if the diffusion is rapid enough. The main features of equations (4) and (5) are

(1) When the diffusion jump frequency vgigf Pecemes larger than
the linewidth {{( li.v)-2 >JZ of the rigid lattice, a motional narrowing

of the line sets in,.

(2) The relaxation time T, will pass through a minimum when v diff
ie of the order of the Larmor precession frequency v, Of the
nuclear spins. Dy msazuring the line widtharnd T, as a function

of temperature the activation energy for scii-diiiusion is deier-

mired. The diffusion of diff2rent isotopes can be studied separately.

A particularly interesting application couid be made to ionic crystals,
€.g. the alkali and silver'halides. The time dependence of the dipelar inter-
action between two slow-moving anion-nuclei would he determined by the juvmp
frequency of the anions, but the dipolar interaction betwecn cation-anion and
cation-cation pairs would have a frequency spectrumn determined largely by the
hgher jurp frequency of the cations. For the nuclear resonance of the anions
one would have two terms on the right side of equations {4) and (5), one with
a longer T for the dipolar interaction between iwc anions, and one with a
shorter T for the anion-cation dipolar interaction. Diffusion eiiecis in solids
are discussed in detail in papers by Andrcw and Slichter at the Bristoi Con-
ference.

An anion-vacancy occupied by an electron (F-center) and other com-

binations of vacancies an? other imperfections will be discussed in the next
paragraph. '

C. Foreign atoms

A nonmagnetic foreign 2toin, either in a regular or interstitial site, will

have a negligible effect on the magnetic field produced at the positicn of sur-

rounding nuclei.
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Magnetic impurities will produce a large local field, of the order of
103 oersted, at nuclei which are nearest neighbors, but this field will drop
off as the inverse cube of the distance. Consequently the resonance absorp-
tion of nuclei in the immediate neighbprhood will be displaced and contribute
to the far wings of the absorption line, which in general will remain unobserved.
The bulk of the nuclei will be practically unaffected and the second moment of
the observed signal will remain almost the same.

Furthermoxre, the magnetic field of the impurity is not static but changes
with the spin orientation of the magnetic ion. The characteristic time is the
electron spin lattice relaxation time of the impurity. For paramagnetic salts
with high concentrations of magnetic ions the characteristic time could alter-
nately be determined by the spin-spin or exchange interactioz, whichever is
the fastest. For isolated magnetic imperfections the spin-orhii lattice coupling
is the only mechaniam causing variation of spin orie:nta.tion with tine. It
has been shown conclusively [2,7,8] that in many ionic and valence crystals
the nuclear spin lattice relaxation time is determined by the presence of
these magnetic impexfections. They can be chemical impurities of the tran- .
sition group elements, F-centers, filled donor or acceptor levels in semi-
conductorsa, or other imperfections provided they are carriers of electronic =

magnetiam.

The nuclear spin relaxation takes place by the following sequence of
events [7]. An absorbed quanturm h vol'is transported by spin diffusion through
the nuclear spin system toward the neighborhood of 2 paramagnetic impurity.
This process is independent of the lattice temperature. The quantum h Yo
is then traneferred to the lattice. The lattice vibrations modulate the orbit
of the magnetic imperfecticns and via the spin orbit coupling flip ithe e¢lec-
tronic spin. The time-dependex;t local field of this elsctron spin in turn flips
the nuclear spin. This process is determined by the electron spin lattice
relaxation time, which depends on the lattice temperature. In principle the
measurement of the nuclear relaxation tiix : as a function of temperature will
give information about the concentration uf paramagnetic imperfrciions and
their spin lattice coupling. It should be pointed out that much more detailed
information is obtained from the observation of the clectron spin rescnance

of the impurity itself. The significance in the case of nucle \r resonance is .
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Fig. 2. A lattice of nuclear spins with a paramagnetic impurity., The reso-
nance is spread out over the range of local fields produced by neighboring di-
poles, A quantum hv,, absorbed by spin A, ie transferred to the site Bby a
simultaneous spin flip. The ma;nretic energy quantum diffuses toward theim-
purity. It is transferred to the lattice via interaction with the electron spin$S
and the spin-orbit coupling.
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mainly that these impurities provide an adequate relaxatica mechanism.

D. Electrons and hoies

Since free electrons and holes are carriers of an electronic spin, they
create internal magnetic ffelds which interact with the nuclear spins. It is
a matter of taste whether one wishes to consider the conduction electrons in
a metaiasimperfections, but ir semiconductors thisis certainiy the generally
accepted point of view. Toackirve 2 tniform presentation canduction electrons
will be considzred as imperfectioas in this paper.

In » metal with Fermi energy EF mostof the electron spins are paired
off and oniy a fraction of the order of BH_/E_ has unbalanced magnetic mo-
ments. The Pauii paramagretiam of thevcc;dmﬁm electrons gives rise o
a suift of the nuclear resonance in metals tc higher frequencies, first dis-
covered by Knight [9]. The relative shift is given by [10,11]

2
AH 2vis o eel®] 34,
= = % v, NEQ (6)
HO ‘l'o |¢ a(o)! 2 a

where & is the Rchr m2gneton, Al- S is the hvnerfine interaction in the cor-
responding atomic state; (! ¥ et 0)! D4, 15 the square of the electronic wave
function in the metal evaluated at the position of the nucleus, normaiized over
the atomic volume v_ and averaged over the Fermi surface. N(E l is the
Censity of states 5f ihe coaduciics elecizons atl the Fermi surface, per unit
volume and per unit energy interval. The cobserved relative shifts range
from 3.0261 percen: for E.I to 2.5 per cent for Hgl'?e. There is ageneral
increase with increasing atomic number, as the hyperfine interaction becomes

larger.

In alloys the shift given by equation {6} ma - vary [11] and will indicate
a variation in the product of the density of states, the atomic vcicme and the
probability density of the electrons at the nucleus. In fact, the prodizct may
show a dispersion and have different valaz2s at different nuclei depending ox
the relative position of the impurities in the neighborkood. In generaltkis
will give rise to 2 spurious asymmetric broadening of the line.

Mctt! 12} and Friede! [13] bave calculated the shielding of the extra

i L.

charge or the Zn atom by the concentration of conduction electrons arsund

et et M o 08§ § W G Y
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it. The shielding is practically complete already at the nearssi neighbors
and since the impurity was iniroduced as a neutral atom, th= eleciron density
throughout the bulk of the metzl is unchanged.

However, the Knight shift is not deiermined by the total density of
conduction electrons but by i P k{%}lz evaluated at the Fermi surface. One-
electron wave functions with a fixed magnitude of the wave number k must
be evaluated in the neighborhood of the impurity. Broocks * has pointed ot
thkat in the same free elactron approximation as used by Mott the sgrare of
the wave function fer electroms with a given value of k falls off more slowly
than the exponentiai law. The vaiuc & corresponding {6 the momantam at
the Fermi level must be taken. Mott's result of exponential shielding is ob-
tained by iniegration over ail cccupied vaiues of k. Reilabic vaiuca ior ihe

shift can only be obtained if the wave cguation ir the periodic crysiailine

poiential, peiluibea Uy the impurily, is soived. It is clear that i w tg EZ
will be a function of r, the distance from the imperity. It may show some

oscillations before leveling off *¢c iis value in the bulk of the metal.

For very low impurity concentrat ions the main abseretion peak should
remair undisplaced with some small {usually uncbserval!l) _coiributions om
either side from nuclei near the impurity. For coacentrations larger than
2 few per cent, 2 broadening of the hne is caused by the distributior of shifts,
apd the frequency of maximum absorption may change azince the majority of
the nuclei are now near an impurity. These effects have been observed
qualitatively for solutions of tin in thallium, as shown in Fig. 4. There ig,
however, some uncertainty about the phase diagram and a two-phase region
may exist hetween 4 and 10 per cent atomric per cent tin. Furthermore, the
line broadening was not agymmetric as might in general be expected. If
the increase in width is indeed due to a dispersion of Rnight shifts, and there-
fore proportional to v " the increase will bc more pronounced in high fields.

More precise measurements on various alloy systems with spin I = 1/2 are
badly needew.

i* is 2 matter of taste whether one wishee to consider the zlloys with 2

high concentratien of solute atoms asimperfect crystals. Aae there is no clear-

*Private communication.
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cut concentration at which an impurity becomes a regular cumponent of the
solid, alloys will be considered as imperfect solids in this review to allow
for a convenient general presentation of the subject.

Whereas the Knight shift changes continuously with composition in a
solid solution, discontinucus changes are expected in going from one phase
to another. In two-phase regions the nuclear resonance is doubled. This

has been observed for the TCZOS

[11]7.

In the liquid paase, and perhaps also just below the melting point,

resonance in the thalliwm-mercuryr system

the nuclei will diffuse rapidly and the resonance frequency will be deter-
mined by the average value of the product v=l¢__'_'___*(0_)’iz N(E.), where the
average is taken over all configurations aro:n&.;:i; m;cleus ;.n que stion.
Inatead of the dillperaion of Knight shifts, the center of graviiy is measured
in the liquid. An asymmetric impurity broadening in the solid corresponds
to a variation of the resonance freqwency in liquid. This last effect is, in
terms of Seitz's classgification, the combined infiuence of three types of

imperfections: electrons, foreign atoms and vacancies.

The shift caused by conduction eiectrons in semiconductors is negligible
[ 14]. The total density of electrons and alsgs of those with unbalanced spin
is so much smaller than in metals that no observable effect results.

The nuclear relaxation in metals is usually also determined by the
interaction of nuclear spins and conduction electron spins. A simple picture
is that the nuclear spin has a certain probability to make a transition, when-
ever =% s=lectron in the electron gas passes by. Only a small fraction cf the
electrons, of the order of kT/EF, representing the tail of the Fermi distri-
bution, are allowed to take .p the small energy differences involved in the
magnetic transition. The relaxation time should be indepenacnt of the
external field H , although experimentally some variations of T, with H
have been observed. If one iakes into account only the point-interaction
caused By the finite value of the wave {unction at the positicn of the ‘nucleus
the following relation due to Korringa [15] exists beiween the relaxation ime
and the shift.

»

v, N2 h 5 2
T <vo ) = wer ) (7

, . R p——
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The relavationtime gives the product of the same quantities va| Yre

as the shift,

Act:ally the part of the electronic wave function with non S-character o
(p-,d-, etc.) will also contribute to the relaxation time, but not to the shift.
The equal sign in equation (7) should therefore be replaced by a< sign. This

cerrection of the Korringa relation is probably more importaiii than the neglect

g of correlation and exchange effects in the electron-gas model. The observed
deviations from the Korringa relation, which are mostly in the rightdirection
[16], could perhaps find an explanation in this fashion.

Although the hyperfine interaction of p- and d- orbits is usually much
smailer than in S-states, the amount of S-character of the one-electron wave
functions may be small even in alkali metals. Jones and Schiff [17] eztimate
that in sodium there is 60 per cent S-character and in lithium 25 per cent.
Assuming the hyperfine irteraction in the p-state to be only 10 per cent of that

in the S-state, the interaction of the p-part would reduce the relaxation time

calculated from the Korringa relation by 40per cent in lithium, A careful
systematic check of this relation is desirable.

g‘ﬂ'

The relaxation time in semiconductors will usually be determined

i

by electron spina. It is predicted that the spins of bound electrons or hoiles

£

3
3
3
E»

which act like paramagnetic impurity atoins will produce a more eificient re-
laxation mechanism, discussed in the preceding paragraph, than the spins of

'y !
o .

free carriers| 14] . No experimental evidence is available, but in principle

R *0 4

K

the nuclear relaxation cowld give a completely independent determination of

the number of bound electrong or free carriers in semiconductors.

»

§
Bl

In noncubic crystals the p-, d- etc. character of the eiectron orbitals

4

gives rise to 2n anisotropy of the Knight shift, which hag been observed [11]

P

in white tin and solid mercury. Figure h illustrates how an ellipsoiclal dis-

oy

tribution in space of the density of electrons with unbalanced spins will give

rise to an aiding or counteracting local field on the nucleus, depending on the .

B ¢ PR Aok S R N
rhi s

o8 RN s e sl 58 DSR4t 2o T MG D5 2 a0 i L oS T3 i

direction of Ho with respect to the crystallographic axes (= axes of the elecyron
density). In pelycrystalline samples, which must necessarily be used in
resonance work on conductors, the line gets 2 characteristic asymmeztrsic
shape. The observed anisotropy is proportional to the field strength, as it

increases proportionally to the number of electrons with unbalanced spiu in
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the same manner as ihe isotropic shift.
Ay, - A -
_U‘__.L_ = zv .g_ﬂ._é r or
ve = 3B vy N(E'F) i + . - v, i8)

The first térm arises from the deviation from cubic symmetry

- 2
qrzf.yrr S(3z -rz;.p;. dv

of the denlit;,r of electrons near the Fermi level. The sccond term is caused
by the anisotropy in the g-factor of the conduction electrans, ?_Infortunately
we have only one relation between Gy and By -8} Both quantities are
difficult to determine theoretically and experimentally hy ather means. I
the anisotropy is small, the effects can be made obstrvable in very high
fields H .

In alloys one will have, in addition to the distribution of isotropic shifts,
a distribution of anisotropic shifts. This will add to the broadening of the

€avnaince in such systems.

o]

" Although there is no experimental evidencs, we wisk t¢ palnt cut the
possibility of investigating order-dissrdsr transiticas in 3llsys in this manmer.
In the first place there will be an obvious change in the dipolar contribution to
the line width on ordering, which can be calculated with equation (1). This
change in width wili be especially marked if the: sther constituent in the binary
alioy has zero spin. In the second place the dispersicz in the Knight shift will
cease to exist in the completely ordercd state. Ordering will in general be
accompanied by 2 marked change in the lirs. width.

Gince the width of the nuciear resonance is largely determined by the
near neighbors, it is a goodindicator for short-range order without the
complications of temperature diffuse scattering which are inherent in the X-ray
technique.

The onset of precipitation will also cause a change in composition of
the immediate environment.. The precipitation hardening in a system with
solvent atoms with 1 =0 and solute atoms with I =1/2 may be studied profitably.
The nuclear resonance will broaden, when a phase richin solute atoms precipiti-

tates
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E. Phonons

Lattice vibrations will modulate the dipolar interaction between nuclear
spins and thus produce a relaxaticn mechanism. In fact, this was historically
the first magnetic spin lattice relaxation mechanism, proposed by Waller [17]
in 1932 for electron apin systems. It can be shown that nuclear relaxation
timea calculated by this thcory are in general a factor of 103 to 106 longer
than observed. The dominant relax2tion mechanism in metals is caused by
conduction electrons; in ionic and valence crystals frequently by paramagnetic
imperfections. The energy in the former case is taken up by a change in
momentum of the elecirons; in the latter case the lattice vibrations are
essential to the tranafer of energy. The relaxation is thus strictiy -peaking

- - - - A Lk
a LULIINIALIICU TlituUe V.

W

-
L4}
[4}
| 13
4
s

o)
©
!

In many molecular and certain other crystals different types of thermal
motion than lattice vibrations occur, such as hindered roiaiion iunneling
between two or more positions of equilibrium. Such motions,which produce a
very effective relaxation mechanism for nuclear spins, should perhaps also
be considered as imperfections of the perfect rigid lattice. A wealth of ex-
perimental data exists on this matter, for which the reader is referred to
literaturz [18], In thia context the diffusion phenomena discussed under

{b) should be considered as the combined effect of vacancies and phoncns.

An excitad atom or ion in a solid will have no effect. if the excited
state is nonmagnetic. If the state is magnetic, it will have a similar effect
on nuclear relaxation as a paramagnetic impurity. The characteristic time
of its local field will be determined by the life time of the excited state, by
its diffusion through the lattice or by its spin reversal time, whichever proceas
is the fastest. No experimental evidence is known to the author. The con-
centration of excitons is usually too low, but a change in nuclear relaxation

time in phosphors under strong illumination might be detectable.

111
Quadrupole Effects

1i the nuclear spin I =1, the interacticn of the imperfection with the
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Fig. 7. The obscrved asymmetric nuclear resonance in polycrysta'line
p-~tin. The anisotropy in the Knight shift is proportional to the rescnant

frequency.

The asymmetry is more pronounced in the recorded derivatives.
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electric quadrurole moment will frequently be more important. The
crystalline electric field will always be disturbed by the imperfection, and

special magnetic properiles of unbalanced electron spins are not required.

The elements of quadrupole interaction 1n an inhomogeneous electric
field of axial symmetry will first be recalled [19, 20]. Assume that the quad-
rupole interaction can be considered as a small perturbation on the 21 +1
equally spaced energy levels in the magnetic field Ho, which is taken in the
z-direction. The equal spacing will be destroyed. Introduce a scalar

quantity
eq = ZeJ(3COBzdj 'l)r;-s
j L4

where dj is the angle between the radius vector of toward a cnarge &; in the
lattice and the axis of symmetry at the origin. Denote the angle between this
syrnmetry axis and the magnetic field by 8. Then the energy d:fference be-
tween the levels m,; and m, -1 of the nuclear spin is given by first-order
perturbation theory.

.2
AE_ __ ., =hv_+(2m-1){3cos® 0-1)per3Q 2

M— - 1 S GajGr =

wnere Q is the nuclear quadrupoie moment. it is seen irom eguation {9}
that the distance between the levels m; = 1/2 and - 1/2 is unperturbed in this
approximation. Second-order perturbation theory gives for the energy

...... hndecammen 6L lameeal
> -

difference DEVwWeSn iz an ndd haK-intEger,

2 2
&E) ), o 172°bvot g —g—— gy~ (1-9cos”@)(1-cos"8)

(10)

The splitting of the nuclear resonance has been observed by Pound [19] and
others [20] in noncubic single crystals. In cubic crystals, or, more accu-
rately, at points around‘ which the symrneiry is cubic, q = 0 and therse iz o
quadrupolar interaction. In polycrystalline noncubic crystals the resonance
of the satellite lines, i. e., the transitions excluding the central component

m; = 1/2—>- 1/ 2, will be spread over a large frequency interval, as 3 c;oaz 6-1

ranges from ity maximum value of 2 te its minimum value of - 1. An inte-

e - 0 5 4 A Dl
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gration over the solid angle 8in0 dO dy' yields for the absorption in a

powdered sarnple the line shape [ 21] shown in Fig. 9. .In second approxi- :
mation even the central component will be broadened and its asymmetric
shape for a polycrystalline sample is given in Fig. 10. On these curves
the dipolar broadening cught to be superimposed . A similar curve had
been given by Nierenberg and Ramsey [ 22] in molecular heam experiments
on alkalihalide molecules, The observation technique of nuciear ma gnetic
resonance makes it very difficult to detact the broad low tails of these pat-
terns. With the usual modulation method the slope of the absorption

curve is detected and this quantity variee inversely as the square of
broadening.¥ ¥Frequentiy only the absorption near the resonance peak can
be observed. The guantity g(vmax) will decrease as the quadrupole
interaction increases. the total area under the absorption curve remaining
constant. It will be useful to introduce normalized shape functions for -

each satellite and for the central component separately. For the complete
line we have

~dy = ]

S\VFr O v

4 (..\.Lgé for 1 =

g v} + 0.6 g () for 1= 3 {
/> 8 2z

and

glv) = 9/35 g _(v) ‘“‘% 83/2,1/2 + '§5' 85/2,3/2")

8 . 5
t g eyy,-3/2Y) 35 83252
foy I =5/Z, etc.

In crystals with noncubic symmetry a splitting of the nuclear spin levels
occurs even in the absence of a magnetic field, as indicated in Fig. 8.
Transitions between these levels.give rise to so-called pure quadrupole
resonance lines [ 23], although it should be remembered that the transi-
tions are always induced by a magnetic radiofrequency field. A single
crystal is not needed, as the magnetic field is absent, In powders the
lines will broaden immediately unon application of an sxternal field We

shall now discuss the infiuence of the various imperfcctions.

is inversely proportional to the broadening itself.
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A, Dislocations

The strain field around a disiocatica line will produce a change in
the gradient of the clectric field at the nuclei near the dislocation. The

~change in gradient Aq will be proportioral to the strain, which in turn is

inversely proportional to the distance from the dislocation line. A distribu-
tion of gradients q and of angles 6 will be created. Actualiy the nuclei will

be at points where the axial symmetry is lost., Formulas for the quadrupole
interaction in fields of lower symmetry have been worked out [20]. Qualitatively
the results for a distribution of gradients with or without axial symmetry will

be the same. A general broadening of the corponents of the resonance will
occur., The central component will only be affected in second-order approxi-
mation. In noncubic single crystals dislocations will broaden the satellites
much more than the central compcnent. The latter, which is of course only
present if the nuclear spin is an odd multiple of one half, is broadened in-

versely proportional to the magnetic field Ho'

The atraina will distort the cubic symmetry in cubic crystals. Before
the deformation all components coincide in the single crystal or polycrystallin=2
sample of cubic symmetry. After the deformation the sateliite components
will be broadened so much that they are frequentiy unobservable, ar< oniy the
central component rermains. Watkins [24] discovered this effect for the
bromine and iodine resonances in rather perfect crystals of KBr and KI. He
introduced a calibrator into the experimental apparatus which mad= (absolute)
intensity measurements possible. The intensity of these resonances cor-
responds to that of the central component alone, namely 0.4 of the total in-
tensity for the bromine isotopes with spin 1 = %, and 39-5- for iodine with 1 = -g-
When the crystals were subjected to severe cold work (plastic flow resulting
in a 22 per cent char’e in dimension along the 100 axis) the asymmetric
broadening of the central coimmponent was alpo observed. Superimposed on
the plastic deformation effect was a reversible broadening of 3 per ceat to
elastic strains. The order of magnitude of the quadrupole interaction in the
stress field cf these dislocations may be obtained from the 1sllowing, admit-

tedly very crude, argument.

Consider {first the change in electi.c tieid gradient, if a neighboring

charge e at distance r is displaced over a distance Ar. One finds for the
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the change in gradientidue to this compressional straine¢ = - ar/r

A(eq) = e r-;”(
The actual gradient at the nucleus is not produced by the displacements of
bare charges. The gradient at the nucleue is a very sensitive function of
the distortion of the ion core around it. Relatively slight distortions of this
core can produce large distortiens in the symmetry of the wave function in
the immediate neighborhood of the nucleur. Since the electron density is
weighted by a factor r'3 in the nuclear quadrupole interaction, the actual
gradient at the nucleus may be increased by an antishielding factor lﬂy ml
which has been calculated by Foley and Sternheimer [25] for a number of
ions. They find that this facior i -i-i“ l iz 47.5fer C1- |, 2.7 for Cu+,

51.2 for Rb" and 98.8 for Cs’. The order of magnitude of the gquadrupole

iuteraction is changsd by this factor.

The ion core around a given nucleus can be distorted not only by the
displacement of external charges, but also by the interaction with neigh-
boring ion cores. In general there will be an interplay between tahe charge
or '"valance' effect and the ''size" effect of the ion cores. Both effects will
¢ imporitant in the case of rrvatal deformation. A generalized
maltiplication fdctor \ is introduced for each crystal lattice, which takes
account of the ion core distprtion in the strained lattice, and we write for
the change in quadrupole interaction

4

.A(eq) = 6re a” sa=6rea ¢

where a is the distance between nearest neighbors and ¢ is a measure cf the
sirain. The effect of all neighbors is incorpcrated in h, which is a dimen-
sionless constant (more precisely a fourth-order tensor) in the assumed
proportionality between the strain and the change in gradient at the nucleus.
For a cubic lattice under hydrostatic pressure the net eifect would of course
be zero, but at a distance r from a dislocation line with Surgex { vecter 31

we may estimate ths order of magnitude of ¢ as br-l. The stress field

around the dislecation lipe dropn off inversely proportional te the distance [26].
As b is of the same xixagnitude as a, we obtain

& {eq) = 6)\e a~%r°!
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The corresponding change in resonant frequency of the transition between the
nuclear spin levels m,; and m, - 1 is consequently in first-order perturbation

2 18 ezQ).
8I(2I -1)ra

hAv = + (2m - 1) (3 cos® 6-1) (12)

A good measure for the magnitude of the perturbation is obtained by
calculating its second moment as a radial average over the deformed cylinder
arcund a dislocation line. The lower limit of integration is rather arbitrarily
chosen as r; = 3a. The second moment will depend only logarithmically on this
cut-oif radius. Inside this radius the atomic displacements cannst be calculated
from a continuuimn elastic theory. Moreover the relative fraction of nuciei in-
side this radius is smail, anl they contribute to the far wings of the absorption
line. Their signal will escape observaiion and a cut-off is dictated by this
physical interpretation. The suier radius is choscn g0 that the cvlinder has
the average volume per dislocation line, wr~ = ¢ ~,where c is the number of
dislocation lines, crossing 1 cm?‘ of normal area. The second moment of the
line is then found to be

(5\!)Z = % L%mi-él_—)]%f—c——‘l (6\)‘ a~? \// r “r dr J rdr
] 3a o

This reault differs by a factor 3/11'2 from a more rigorous formula derived
by Watkins for the effect of six neighboring ions due to shear strain in the
K Br type iattice.

2 - 2
(6v)* = 232 [3" Qzm 1)l 3 2¢ a%1n(1/9 ca?) (13)
b 8I1(2I-1)a’h
random
disl.
Watkins took proper account of the angular dependence of the strain around

the dislccaiion line [26] and, averaged over a statistical distribution of dis-
locations with random orientation, caz is the probability that a dislocation
lire passes through a given lattice point. Present uncertainty in the anti-

shielding iactor A and the experimenial data hardly justity =2 racre detailed
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calculation, and Watkims's forrmula may be used equzlly well for edge and

crew disleccations., The phenomenonoleogical factor \ is 2 function of the ion *
and the lattice in which it is embedded. Its order of magnitude is not neces-
sarily tnhe same as ithe Sievnkeimer {actor 1 +h‘m}’ which describes the dis-
tortion of an ion core by an external charge and is a constant for a given ion.
Watkins found tbat his results were consistent with \ = 10 for the bromine
and iodine resonance in KBr and KI, with ¢ = 6, 108 ¢ om z,for the pure crys-
tals and ¢ = 1ol°cm“" for ihe plastically deformed crystals. It would be of
interest to compare the values of \ for anions and cations in the same crystal

e.g.,in Na Br. It is to be expected that A should 5e considerably smaller
for Na.+ than for Br .

An effect of dislocations on the satellites has been found in metallic
copper [ 11]. The specimen consisted of 320 mesh copper filings to permit
the radiofrequency field to penetrate the individual particles. When cold-
worked filings were annealed the peak intensity of the resonance coulid be
increased by a factor 2.5. By annealng g.(vmu) in equation (11) changes
from essentially zero to gc(vmu), which remains the same. For intermediate
stages of anneal intermediate 'peak intengities g(v-max) were recorded. In
the well-annealed crystals the density of dislocations is so low that first-order .
nauadrupole interactions appear to be negligible. A value for the antishielding
parameter \ = 60 for copper will be used, which is derived from experiments
to be described later. This value is substantially larger than Sternheimer's
value 1 + |ym| = 9,7. It should be remembered that the two quantities are
not strictly comparable, and \ will be larger ii there 18 considerarie ion core
overlap. In addition there mav be 2 contribution to the electric field gradient
in the metal from distorted valence electron wave functions.

An upper limit for the density of dislocations. which are assumed to be
random‘ly distributed, can be ohtained from the fact that the first-order
quad"upole broadening is less than the dipolar broa.demng <5v) dlpolar} l/z.a'
(2.5 x 10 ) cps. Equatior {13) then y101d3 an hpper limit for the density of

disiceaiicns in annealed copper ¢ <;9 em ., This figure may be somewhat
too small, because \'s estimate i rather high., It is in fair agreement with )

data derived {rom the width of X-ray diffraction spots on the assurption of

a random arrangement of dislocations.

Instead of a random distribution of dislocations. one can asaume
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dislocation walls and mosaic boundarieas, Usually the stress field will be

very small at some distance from the wall and such arrangements are not

- v able A Tha
P+ as

A -~ - ”~

detectable by X-ray techniques. It is possibl~ that the first stages of poly-
gonization will show as an increase in g(vmax) of the nuclear resonance,
before these are detectable by X-ray diffraction.

There vas no evidence tor second-order quadrupocle effect on the
central component in the cold-worked copper. This is not unreasonabie, for
the calculation of the broadening of the central component, which vanishes
in first approximation according to equation (13), in the stress field around
a dislocation yields a result which depends very sensitively on the cut-off

radius r,

2 4] e@® 1% 1 _27a\?
<(6v)c >av~)‘ L-%TOJ e (’1%)

h"a v

second moment gives no satisfactory physical description. The nuclei

are either so cicse to the dislocation that their contribution to the cenirai
component is smeared out over a large frequency range and is thus un-
ohservable, or else they are far enough away - and this is the majority -
that they produce a nearly unbro2dened central line. T he central component
resonance of nuclear spins a distance r from the dislocation line will be’
spread out over a frequency range

4
-3
-

2
25 2l +3 e Q"

Ay =
c., extr (2} 412( 21-1) hzv °a4rz

(14)

If the density of dislocations is c, a fraction crZ of the nuclei will be inside

a radius r from a dislocation line.

From the disappearance of the satellites iz cold-worked copper we
may conclude ihat (GV)E is larger than {2.5 x 104)2. Otherwise they viould

have been observable.With the data of Table I and
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i ] oldgchmidt Dipolar Sec
1 for R = 5500 yausq o] Atormiic Badinel 1 Moment (5v)
. =
AFT2 6.1x10% 0.156x10"242]1.42x10°8cm  [4.041x10"%m|(3.4x103)2
Zz S -2
g A cm sec =
65 ] - -
Cu 3| 6.tx16° 0. 145x10°2% 1. 28x10"% 3.60x16"%  [(2.5x10%)°

A= 60, equation (13) yields ’c>3 x 1084:1:'1-'z for cold-worked copper. On the other
Land, the central component appears to be unafiected. The central component is
spread over a frequgncy range &v . _ .. equal to the root of the dipolar second
moment at a radius ¥ = 0, 64 10-°-.'c-1‘r.1. according to equation (14). Assuming that
less than 10 per cent of the nuclear spins are closer to a dislocation line, an
upper limit for the density of dislocations is found ¢ <k10ucmz. A vaiue
ca= 10l em”~ is compatible with other experimental evidence for cold-worked
copper, e.g., from stored energy and X-ray data [ 27].

In pure aluminum no decrease in intensity after cold work was observed.
This observation is also in agreement wiih X-ray data which shew very little
broadening of diffraction spots after cold wark ; 28], as compared to copper.
Preasumably the dislocations in pure aluminum are stacked in an ordered
arrangément such that there is destructive interference of the atresses at
large distancaea from tha dislocation walls, In fact, theory predicts that the
stress will drop to zero according to the exponential exp(-x/4), where Ais
the average spacing of dislocation lines in the wall, Thias assumption must
be preferred over the ajternative of self-annealing and over -all low denesity
of dislocations, as the macrosucopic mechanical propertiss of aluminum do
change after cold work at room temperaturs. It would be of interest to

investigate the quadrupole bzvadening in filings worked at liquid air tempera-
ture.

The decrease in the maxirnum of the central component of the copper

-20-
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resonance by second-order gquadrupele interaction i2 counteracted by a slight
decrease of the second moment of the dipclar interaction, when the satellites
are displaced. This may seern sirange at firsi. In the perxiect cubic latiice
of well-annealed copper Van Vleck’'s formula equation (1) is valid. For the
Cu6,5resonance, c.g., the first term extends over zll sther Cu65 nuclei, the
second term over Cu g nuclei. When the four spin levels of the Cu65 nucleus
cease tc be cguidistant, the first term is no longer correct. In its derivation
that part of the dipolar interaction was retained in which a pair of spins i and
j does not change its total rn-value, or terms for which Am, = Am‘i =0 or

Am. =-Am. = + 1. In the cold-worked copper part of the dipoiar interaction
1

1 J
: o . 3
corresponding to trangitions like Am, = -29%, Amj = - %9-2- have to be ex-
~rlavdad OIVr D Onawrtr 10 nAa lAancyaw ~rAnco weensd o ‘ko\_y o bl oo Tole] A€ mssnAdwmisrnanlaw
AL A g WAL Y wuw;s AN ALV Lvlba\'& WNAAD W A ¥V WA 234 BALOL rb\tﬂ\tll\tu WA \1“““&“ Vs g

interaction. The situation in which this interaction vanishes accidentally be-

ninm ‘e laoa
serious, tL.e larger the quadrupole interaction. Furthermore, only transitions
produced by the external oscillating ficld between the leveis mye 3’% are of
interest. In egquation (1) transitions between all levels were taken into ac-
count. Kambe and Cllon [29] have derived a formulz for the dipolar broaden-
ing of_the central compcnent alone. Forl = %thg proper numerical fft_:tor'is
now % instead of %in the first term and for I = %the new factor is %3‘- x i—

The factor of the second term remains unchanged.

There are also some changet in the estabiishment of thermal equili-
brium, if the levels are unequally spaced. In metals the important relaxation
mechanism consists of magnetic dipole transitions cansed by interaction with
the conduction elactrons. The set of differential equations for the population
in each of the sublevels is solved 'in the appendix. The result is that in the
steady-state meathod cf saturation the maximum of the imagirary part of the
susceptibility drops to half its value for i— yz Hff T1 glv max) = 1,1i,e., the
same result as in the absence of quadrupole broadening; T1 is the relaxation
time for the case of equidistant levels. The recovery to thermal equilibrium
is, however aporeciably different, if the m-levels are unequally spaced.
Suppzce that the population in the m, = % and --% levels has besn equalized
by complete saturation. The recovery of the Boltzmann distribution fo: these
two levelis is described by a linear combination of two exponentials with

characteristi= times of T, and 71_- %,- The recovery of the signal in small
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radiofrequency fields after saturaticn of the central component with I = %
is given by
-t/ T -6t/ T
z T/ 11 3 oLy l
g () =(-F ¢ -z e +1)g,

The initial recovery rate is four times as fasi as in the 2bsence of quadrupole
perturbation; and 9 times as fast for 1 =-§- . This rate is ohserved, e.g., in
th> nulse or spin-echo mecihiod if only the central component is flipped over.
Considerable care in the analysis of the recovery of the spin system is re-
quired in each individual case.

B. Vacancies and interctitials

The calculations of the nuclear quadrupole interaction around a static
vacancy or interstitial will be along the same lines as the calculations for
chemical impurities described in the next paragraph. 71here is a good reason
not to treat it here, as these effects become important only for concentrations
higher than 0.1 per cent. Swch high concentrations of vacancies normally
occur only at high temperatures close to the imeiting point, where there is at
the zame time a rapid rate of diffusion. In the case of severe radiation
damage produced at iow temperature a staiic Aistribution cf high vacancy and
interatitial concentration could be obtained. For the treatment of this case we
refer to the next section. Here the time-dependent quadrupole effect in a
cr‘,'.'.-,tal with an appreciable vacancy concentration at elevated temperatures
is discussed. We can describé the diffusion as a random motion of the
vacancies through the lattice. Assume for the sake of simplicity that the
elec*ric field ia q whenever a nucleus is adjacent io & vacant site and zero
elsewhere. A more rigorous treatment would obviously include a surnmatian

over a distribution of q-values, The probabiliiy for a nucleus to be next .0

-Evac /kT

where z is the number of neighboring sites and Evac is the energy required

a vacancy is

p(0) = - ze

for the formation of a Schottky vacancy. The probability that a given nucleus

im still next to the same vaconcy after a time t is exp(-t/7T ) where
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-E_ _[KT
1=(z-l)vat e Ket

is the jumping {rejaency of the vacancy to any of the z-1 other neighboring
positions. The correlation function of the time-dependent electric tield
gradient is consequently

o -ttt
Evac/k'l‘ t'/T

lts {!h’i ze e
q q

and the quadrupole contribution to the transition probability or the inverse

nuclear relaxation time is consequently proportional to

'E‘:vzu:'/kT
(%_ ® -2e4Q2 2 ze T
1) 1 ¢ dw Z v ot
LA L ohlm s =
For ’l‘<<v°_1
(‘lf ) :-.(,1f ) =~ Bl e QZ qz ';Tl' Ve vac act (15)
2q Tig

In this most important case of fast diffusion the relaxation by quadrupole
coupling contains a different combination of energies in the exponent thar the
dipolar interaction, which pontains (E_, s + E__,) as does the diffusion constant.
If the quadrupole interaction is dominant at hig_h temperatures, Ev he and E

can be detex mi_i_xed separately with resonance methods. The condition

’l"ﬁ(v %10 " gec will usually be satisfied only quite close to the melting
point. At lower temperatures wherc 7.7 vo-l, the quadrupole interaction will
ugually be negligible compared to rnagnetic interactions. Thc same treatment
holds for interstitials except that z/z-1 is then replaced by unity in equation
(15). No experimental evidence of the effect described by this formula is

known. It could occur both in metals and insulaiors.

The quadrupole interaction in ligfiids and its contribution tc the relaxation
mechanism is wel. established [ 30,31]. One could consider this as a limiting

case of the foregoing in which the concentration of vacancies is large and in-
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dependent of the temperature, 'Zl‘1 depends on the temperature only through

the jumping time T which is proportional to (‘q /'T) where Y] is the viscosity.

C. Foreign atoms :

The influence of foreign atoms on the electric field gradient is two-
folci. One can distinguish beiween charge and size €ffecis. In the first place
one can imagine an ion in an ionic crystal rcplaced by another of the same

size but differing by an electronic charge e. A vacancy will also act as an

extra charge, equal and opposite to the charge of the ion normally occupying
the lattice site. Some distance r away from the impurity atem the gquadru-

pole interaction with a nucleus will cause a chagpge in the resonant frequency
between the m and m - 1 spin level

2. 14]Y
hav = (2m-1) worSe Yol

m S (3 00829 -1) (16)

€T
where ¢ is the dielectric constant, 8 the angle between the radius vector r

and the external magnetic field, while (1 +]y°J) ie the antishielding factor

calculated by Foley and collaborators. In a metal an irnpurity atom cf the

same atamic voiume bui different vaiency wilil, in the free electron approxi-
mation, produce 2 screened Coulomb field {12] around it with screening para-

meter K, and the chaage in splitting of the spin levels due to the quadrupole
interaction will be giver by

. 2
hay = LEmU3e @ () gk s lk2:%) e KT (18] v _|) (3c0s”s -1)
8I(21 - 1) r -

Take the square of the displacement and average over a sphere of volume
%—wr" = C-l, where C is the impurity concentration, to obtain the second

moment of the broadened satellites. The first moment is zero because of
the angular dependeace. Iz an iomic cr
by

ystal the second moment will be given

[T-N
28]

12

9 Q { l |
C 1 +) vy !
64 1921 - 1)Z4r3¢‘"h2 o ,?
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(Sv’m—>m- 1

- & (2m-1)°
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This result depends very sensitively on 2n inner cut-off radiu . The
fourth moment would vary as r:9 There are 2 few very large cortributions
to the moments from nuclei in the irnmediate neighborhood of the impurity,
while the majority causes only a relatively small broadening. Under these
circamstanceas a useful physical description is again obtained by considering
the nuclei in a spherical shell of radius r around the impurity. The signal
frern these nuclear spins is spread out over 2 frsquency interval given by
equation (16), if we substitute 3 for the range of values of 3 cos”@- 1. When
this frequency range exceeds a certain critical value, which deperds on

the experimental sensitivity, we may say that the contribution of the se nuclei
is uncbservable, because it is spread ~ut over such a broad frequency range.
A practical value of this limit is determined by the signal-to-noiss ratio and
is about 25 kc/s for the experiments on the copper and aluminum resonance
described in this paper. A crifical radius Ter is defined by taking Av in
equation (16) of the same order of magnitude as the dipolar broadening. The

nuclei inside this sphere comtribute aiy to the unobservable wings of the reso-

nance signal$ nuclei outside the sphere give an essentially unbroadened signal.

Clearly this reduction of the quadrupole interaction to an "all or nothing"
effect is a great oversimplification. Its only merit is its usefulness in
discussing existing experimental data on the maximum absorption as & f{urnc-
tion of impurity content. When more precise experimental data on the
complete line shape become available, the analysis can be made more
complete. The cuniributivn of the nuclear epins in each spherical shell

has the shape shown in Fig. 9. These contributions should be added to ob-

Py

tain the resultant lins form.

In additjon to the electric field gradient produced by the extra charge
of vacancy, interstitial or foreign atom, there is the effe.t firom the stress
field around the imperfection. The strain deformation around a spherical
inclurion in an elastic medium falls off as the inverse cube of the distance
[32]. If the foreign atom and solvent atom have radii a, and a,re spectively,
the relative displacement of two ions a distance r from the i.npurity has the
order of magnitude

_ 3_-3
Aac = (ai - ao) agr

Introducing the same antishielding factor A as in the discussion of ion core

DS S5 M OV i s
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distortion around a disloccaticn, we obtain

18e Q(a -
hav = . N m(j-‘n ) (3cos?0-1) (17)

r a

This shift has to he added to the resuit (16) before calculating the second

moment of the satellites by the quadrupole interaction in an ionic cryatal.

It would ke of interest to study these chargs and size effects in
detail with controlled impurities in ionic crystale. Reif has very recently

observed such quadrupole effects on the bromine resonance in AgBr, con-

taining Cd++ ions. Presumably there will be a corresponding number of Ag+

_ A2

vacancies io reiain over-all nsutrality. At low temperatures the cd*t ion
and the vacancy will be associated [33]. At high temperatures they are
independant impurities. The quadrupole broadening in such a crystal will
undoubtedly clhange with temperature and the dissociation process could in
principle be foliowed in some detail. While this suggestion was written in
the mamiscript, the author was uwnaware that Reif had already discovered
such effects and their explanation had already been given by Cohen and
Reif [34].

C.1 Firsi-order quadrupole effects in metals

In a metal the electric field is so strongly shielded (K = 2.108 cm'l)

ihat ihe isn dsformatian hy atraina gives the only contribution to quadrupole
broadening. Egquation {17) should be used. In Fig.14 the maximum ab-
sorption of the sateiliies of AL% in an AZ Mg alloy observed by Rowland

[ 35] is plotted as a function of Mg-concentration. Cold-worked filings dis-
play at iirst the combined effect of impurities and dislocations. The fact

that in cold-worked impure aluminum the dislocations are not annealed out

at room tempecrcature is in agreement with other metallurgical ebservations.

According to Cottrell [ 36] the dislocations are locked to an "aimosphere'
of impurity atoms. On annealing 2¢t higher temperatures the concentration
of dislocations becomes too small to give an observable .ontribution. The
firsi-order quadrupole effect of the impurities ie then retained. We may
subtract from the total observed absorption g(v ) the central component

contribution gc(v } and plot the maximum mtena:fv of ¢the satellites

max
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Fig. 13. The line shape of the Af e resonance in aluminum alloy with
0.64 atomic per cent magnesium. (a) after filing at room temperature,
(b) after filing and 87 hour~ at 250°C, {c) after filing and 2 hours at430°C,
(d) the absorption in pure aluminum, included for comparison, The peak
intensity increases, as the density of dislocations decreasges with anneal-
ing. The remaining reduction of (c) as compared to (d) is the effect of
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perature. The satellite peak iniensity decreases rapidly. At 4 é
i atomic per cent Mg only a contribution of the central component
remzins. This component extrapolates to 0,257 in pure aluminum,
E the thecretical value for I - 5/2. The alloys with high Mg-concen- §
§; tration were obtained by guenching the powdered specimen irom 3
e high temperatures, where the solid solubility is high. (Rowland). 3
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gglv max) in the annealed alloy as a function of the Mg-concentration on a
double logarithmic scale. The result is a straight li.e. This finds a
natural explanatior iz terms of the "all or nothing' language introduced
earlier. If there is no Mg-atom inside the critical radius the aluminum
nucleus will contribute to the satellite signal; otherwise not. The Mg-atoms
are supposed to be distributed at random over the lattice, which is cextainly
correct at these low concentrations. Each lattice has a probability C tc be
occupied by anMg atom, where C is the relative Mg concentration. The
number of lattice sites inside the critical radius is
N= v,

The probability that an Af nucleus has no Mg atorn inside the critical distance
Tor is csonsequently (l-C)N and the maximum intensity of the satellite signal

T

for I = > nermalized per AL atom

B v, ) =8y o W oa (1 - O (18)

Experimentally it is found taat N = 130. Since N is s8¢ large the cut-off is
not as sharp as we have assuined, Iiis somewhat surprising that the ex-

perimental results can be so well described in this fashion.

The introduction of zinc in the aluminum lattice gives a reduction of the
satellites, shown in Figs. (15) and {16), which are well described by N = 98.
The cut-off radius lies between the sixth and seventh near neighbor in the
face-centered cubic lattice. The ratio of quadrupole interaction at these
two sites is ql,’qz = (1'.7/r6)3 = 0.79. This fraction is not large and the cut-
off is not very sharp. If the experimental precision were increased - e.g.,
by increacing the abscrptinn intensity through cooling to liquid helium
temperatuie - 2 mole precise waalysis of the strain fi=ld could be made
Wings of the satellite away from the central peak have already been observed,

but a precise evaluation of the line shape has not yet been made.

It is not surprising that the effective cut-off radius for Zn is smaller,
as the Zn atom has more nearly the same size as the A{ -atom than mag-

nesium. Since the gradiert at the cut-off radius rmust be the same, it follows

irom equation (17), that

———— A
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a -a r -3 .
Mg %Al =< cr,AL) | 130 _ ,,
3zn " 2A¢ rcr,Mg/ ;

This is in poor agreement with tabulated values of Hume-Rothery [36] » Which
give 3.5 for this ratio.

C.2 'Second-order quadrupole effects

The broadening of the central component can be 2nalyzed along similar
lines. Since this interaction will drop off with the inverse sixth power of the
distance from the impurity, the second moment of this interaction averaged
over the whole crystal will give even less relevant information than for the
first-order effect. The second moment would be proportional to the inverse
ninth power of inner cut-off radius. The nuclear spins at a distance r from
the impurity will give a contribution to the central component which has the

shape displayed in Fig. 10 with a distance between the extremes given by

4
Z
v
o

25 21 + 3
2
41°(21-1) n

Q 1 0.

(19)

HQJN
»
-2 ]
-]
S
[V
>
[\%)
L]

AsBUI

ning that the inverse cube law for the strains holds also in the

immediate neighborhood of the impurity, this fregnency range at first,
second and third ncarest neighbors in a face-centered cubic lattice has the
ratios 27: 3.37:1. It is therefore quite possible that this range for third
nearest neighbors is only a fraction of the dipolar broadening, while it is
appreciably larger than tke dipolar interaction for nearest and next nearest
neighbors. The nuclear spine which have an impurity in one of these z
neighboring sites would then give 2n observable effect, while other nuclei
would contribute to an other¥ise¢ unchanged central component. In other
wards a sharp cut-off may nt;w be expected with more justification than in
the satellite case. The maximum intensity of the central component if 1 i =
is an odd half-integer is consequenily given by

8el¥ max) = Ec,o(Ymax (1 - C)F (20)

wheve C is the reiztive impurity concentration of the solute atoms. For

a face~centerad cubic lattice,z mav assume one of the values 0, 12 or 18, -



~ FUCTWETR

L Tl oanli

o] RN T ) O

"

tod ]

‘m:{vv»msr*i”mmwmqp&w‘f QT T T FN R

23
s

To TR oA e

RN e

&

R P DOTR et o e cram e o S L YR P e Rl il

9(Ymax)
go(”max)

TOTAL OBSERVED INTENSITY OF Af

0.8p— <]

-
r/

0.5 -

o4l =

0.2 -

O.l:— —

0 3 | | ! 1 : !
0 0l 02 .03 04 05 06 T
ATOMIC FRAGCTION Zn

Fig. 15. The peak intensity of the A{Z7 resonance in Af -Zn alloys at
room ternperature, at 6.18 Mc/s, The satellites are washcd cut, the

e e - S i i il SO N



5.2

[

Feali o AR R ettty ot 6 g S R it o i

>

4 e :‘:a\lw L s 7%

- K

TR

PR SR et

s e

'y
-

S

il

=

[

RAFARIAT = e

AT RIS RAAIOSA SN

S— RSP S o R
O i ! i L .
-
-
SATELLITE INTENSITY OF i
ALUMINUM =
C =ATOMIC FRACTION ZINC
- \ <4
001 k A ; !
0 =02 -04 -06 -08 -l0
I (1 -c)=-c
Fig. 16. A double logarithmic plot of the peak intencity
of the satellites alone
BV max!) 9 . ﬁ_gs(vmax)
go,vmax] 3B gu,v"ma.x’
for the AL 27 resonance in Al-Zn alloys as a function of
the Zn-concentratiorn, The straight line has a slope of
98, The data have been obtained from Fig. 15 by sub-
tracting the effzct¢ of the central component. (Rowland).



‘3

eosts A KRN SIS YR BTN TN L0 PR 4 YT

LT PR

S IS Wi et &

.

=

AP BNELI I IORAT, Ty 0 AT N TS P 07 9 { PR

TR199 -29-

etc. and in a body-centered cubic lattice 0, 6 or i4. The duta on the
central component are most conveniently taken in cold-worked samples.

The contribution of satellites to the signal is then effectively eliminated by

the large density of dislocations so that no correction for them is necessary.

In this way the data in Fig. 17 for the central component in a-brass have

been obtained [11]. Indeed it was found that z =

18 for the copper resonance
in a-brass, and z = 0 for the ACZ7

resonance in the alurainum zinc alloy.

These numbers depend on the resonance frequency Voo In very high
external magnetic fields the second-order quadrupole interaction will tend
to zero,and so does the critical radius. For lower frequencies the A£27

resonance in the aluminum zinc system may give z = 12. It would be inter-

esting to follow nearly discontinuous changes in z, as v _ is increased or

decreased. At very low fields the quadrupple interacticn might extend to
third nearest neighbors etc. and a detailed study of this kind will give in-
formation about the stress field in the immediate neighborhood of the im-

purity and will show any deviation from the continuum theory which might
exist on an atomic scale.

From the first-order and second-order broadening values for the

product \(a, - aO/a) may be derived. A value (a, - aola) = 10 per cent

will be used for a-brass, and other pertinent data appeared in Table I.

Jf we assume that the quadrupolar s read in frequency Av _ e a it is equal

to the dipolar broadening <(6v) > for third nearest ne1ghbors and

3.37 times ag large for second nearest neighkors, we find A = 60 for the

copper lattice. This estimate 18 not very reliable, as the elastic contiuum

theory is not valid for near neighbors. It is much larger than the

Sternheimer antishielding factor. This may be correct as the e¢ffects from

ion ccroz2 overlap will be severe in the clese-packed copper lattice. This

rather large value of A has bten used previously to estimate the density of
dislocations in copper.

A more reliable value \ in aluminum may be obtained from the first-
order quadrupole effect in aluminurn alloys. The critical radius for satellite
broadening in the Af-Zn alloy for N=98isr_ _=6.5x 10-8 cm. At this

cr
radius the mean-.square broadening of theinner satellites is assumed to be

twice the dipolar cccond moment, With (ai - ao)/ao = 4 per cent for zinc
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in alumirrm, equation (17) yields A = 30. Probably (a, - ao)/a should be
taken somewhat larger and A cosrespondingly sinailer. The fact that no
second-order quadrupole eifect is observed in this alloy is consistent with
the value X(ai - ao)/a-a 1.2. The broadening of the central component for

nearest neighbors is AV . ate 2.4 x 103 cps, or less than the dipolar
14
broadening. Tbe margin is small, however,

In the Af-Mg alloy the straine in corresponding lattice points are
larger by a factor 1.3, and in this casz the broadening of the ceatral com-
ponent for nearest neighbors is barely noticeable. The observed line in a
quenched alloy containing 14 ateinic per ¢ent Mg reproduced in Fig. 18,
is a superposition of a line shape of Fig.. 10 for A{ nuclei which have an
Mg-atom as nearest neighbor and an undistorted contribution of other
A{ nuclei. The asymmetry is much more pronounced in the derivative
curve, which was actually recorded. Clearly the second-order broadening
from nearest neighbors is smail. If we extend the strain theory to the

neighbors, the second-order quadrupole interaction should Le a factor

(aMg - ao/aZn - ao)Z = (1.3)Z larger for magnesium in aluminum than for
zinc in aluminum or

Av = (1.3)Z x 2.4x 103 =4.1x 103cps

c,extr

This is saomewhat larger than the dipolar width and a small effect is ob-
served in the magnesium alloy, whereas no effect was observed in the
zinc alloy at the freaquency of observation Mo S 6.1 x 106 cps. Thus the

magnitude of the second-order interaction is determined rather precisely.

No noticeable shift of the resonance maximum was found in the
aluminum and copper alloys. This is in agreement with the discussion of
the Knight shift in alioys illustrated in Fig. 4. Only those copper and
aluminum nuclei which are a few interactomic distances away from the solute
atoms, contribute tc the maximum oi the resonance absorption. At these
positions the product of density of states and density of the one-electron wave
function remains unchanged. The resonance of nuclei adjacent {5 "he impurity,
which could show a change .of the Knight shift, is unobservable due to quadru-
pole interaction..
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narce in a-brass, at 6.8 Mc/s, The stra:ght line has a slope
18, The dashed line is the intensity wiich could be expected
in an ordered arrangemeni where ali zinc atoms are contained
in one simple cubic sublattice,
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C.3 Precipitation

The values of A\ derived for the copper and alumimum lattice were
used previously to evaluate the density of dislocation lincs in these cold-
worked metals.” It has been shown how annealing of metals and alloys is
generally accompanied by an increase in the maximum magnetic resonance
absorption, as the density of dislocations decreases. This effect of tempera-
ture treatment should be sharply distinguished from the precipitation of new
phas:». The latter will frequently lead also to an increase of the resonance
signal.

If a precipitate is formed the remaining matrix will contain less solute
atoms and the signal g(v ax) ought {o increase rapilly, ae the impurity con-
he original mairix decreases. At firaf this effect may be
obscured by the strains set up by thz precipitation procees. The intensity

gfv ) may ha meas: unction of ihermal treaiment and interpreted
in terms of these two effects. No detailed analyses have yet been made,

but the occurrence of precipitation in a quenched 14 per cent Mg solution

in Af after heating for five days at 250°c is shown in Fig. 18. The asymme-
try due to second.crder perturbation of the central component disappears,

ac at the end of the heat treatment the aluminum matrix contains only 3 per
cent or 4 per cent Mg atoms and most aluininum nuclei do not have an Mg
atom as neighbor. If the quadrupole interaction had been larger (vo smaller)
the effect would have been more pronounced. The increase in intensity afier
precipitation and anncaling should be especially siriking if the final matrix

would contain so few solute atoms that the satellites would reappear.

C.4 Order-Disorder

L]

Since the central component signal depends sc sensitively on the
atomic configuration in the immediate neighbsrhood of the nucleus with the
quadrupole moment, gc(vmax') may be used to investigate short.range order
phenomena. Equation (20) derived under the assumption of completely
random solution has to be mcdified, if short-range order is present. We
shall first discuss the case of the maximum short-range order whick could
occur in the face-centered cubic lattice of a-brass. This is the situation

at absoiute zerc of temperature, if the reaction times would be sufficiently
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rapid for it tu be established. Clearly thia situation will never be attained
completely, hut this theoretical case will then show what deviations from
equation (20) nzn at most be expected. Only interaction between nearest
neighbors is assumed and V +V -2V >0 in a-brass. Pre-

Zngn cucu zncu
cipitation of zinc would occur, if the opposite sign were used. The Zn
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n's belong to tha same

simple cubic sublattice of the fcc lattice; in this sublattice the distzibution

of Zn-atoms wiil be random. The model could be refined to take intc account
interaction beiween next nearest neighbors which are neighbors in the same
sublattice. A general theory which covers this case will be mentioned shortly.
If the relative concentration of Zn is 0< C<0.25, the relative concentration
on one sublattice is 4C. The other three sublattices are pure copper. Cal-
culation of the prcobability that a copper atom has cubic symmetry for the
configuration of its 18 neighbors gives for the maxirnum of the shape function
per copper nucleus in this model.

- G

Bl max) B ol Vmad = Foiy (1 - 0% + E}-‘_%{(I-&)" + (40)°

* (21)

The first term is the contribution to the intensity of the central component
from the three pure copper sublattices. Tue iast term is from the remaining
copper atoms. There always have Gther copper atoms as nearest neighbors;
thev contribute tg the signal if the six next ncarsst neighbors are either
copper or all zinc atoms. The result is indicated as the dotted line in Fig. i7.
For low Zn cencentraticns th: resuit is the same as for the random solution.
At loweconcentrations the Zn atoms are far away {rom each other, regardless
of whethker the state i8 ordered or disorde:ed. Each Zn atom excludes 18
copper atoms from giving a significant contribution and the intensity drops

as 1-18C in this region. At higher concentrations there are fewer Cu nuclei
contributing to the signal. Since the Zn atoms tend to stay apart, therec are
more copper nuclei with a Zn atom in their neighborhood than in the random
situation. The peculiar siccondary maximum near 20 per cent concentration
is caused by configurations with six Zn-atoms as next nearest neighbors.

In prirciple careful measurements of the intensity of the magnetic resonance
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treatment. A Mg-rich phase precipitates, the signal of the Al -nuclei
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4 per cent, as thc contribution from the satellitzs remains negligible.
(Ro vland).
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of copper in a-brass with Zn concerntrations between 10 and 20 per cent
would give definite information about the occurrence of ordering. Such
measurements could be carried out with sufficient accuracy at liquid kelium

temperatures. For the completely ordered state at 25 per cent Zn the in-
tensity drops to zero.

_Although this situation cannot be realized with a-brass, the same
geometry is attained in Cu, Au. Thke Cu atoms in this ordered cubic
alloy are not centers of cu;ic symmetry. They have 8 Cu atoms and 4 Au
atoms as nearest neighbors. Therefore the copper resonance will be un-
oheervable in this ordered alloy. For the investigation of Bhort-range order
near the composition Cu Au the A.119 reasonance should be used. The Au
atems have a cubic enwrcnmeni. in. che ordered state. ¥or iower Au con-

centrations (between 0 - 15 per cent) che copper resonance will be a suit-

The thcory of short-range order best adapted to our problem is that
of Cowley | 38], who introduces a short-range order parameter for every
lattice site.* Take the origin at a copper nucleus. The probability that a
site with coordinates{ m n relative to this origin is also a copper nucleus is

p(a'mn 1‘C(10

)

(,mn

where % mn is the order parameter as defined by Cowley and C is the

relative Zn concentration. Cowley shows how to obtain a set of equations

for a;, the value of n‘&mn in the ith shell around the origin; for any
temperature and concentration. He gives explicit results for a,,a, and a,
for Cu3Au as a function of temperature. These agree well with experi-
mental X-ray data. The 2y 2T the coefficients in the three-dimensional
Fourier series expressing short-range order ''scattering powes'" as 2 function
of reciprocal-lattice coordinates. In terms of Cowley's parameters a, and
G, the intensity gc(vmax) of the copper resenance in a-brass becomes

gc(vmax)/ e .ol max) =(1-C*Ca)) Z(l-CFCn2)6

*The auther is indebted to cfessor H. Brooks for calling his aiiention to

Cowley's theory.
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Here the poasibility that all twelve nearest and/or six next nearesi ncignbors
are zinc haa been neglected. This method can be extended in a straightforward

fashion to cases. where other numbers of neighbors are involved.

C.5 Non- cubic crystals

Finally a few remarks must be made about the influence of dislocations
and other imperfections on the resonance in non-cubic siagle crystals and on

pure quadrupole transitions.

An insulating non-cubic single crystal has a definite advaniage over
cubic samples in the study of quadrupole effects, because the central compo-
nents and the satellites are well separated in frequency even in the perfect
crystal. The broadening by imperfections can be analyzed for each line
separately. The results obtained by Pound [19] on a single crystal of
A{203 indicate that the satellites are indeed broader than the ceniral com-
ponent, and the outer pair i5 again broader than the inner pair of satellites.

The presence of dislocations or impurities presumably causes a distribution

of q-values around the single value for the perfect crystal and the influence on *
each componrent line can be analyzed in the manner indicated above. Using

eguation (13) and taking for \ in A£203 the same value as in aluminum, the :
deneity of dislocationz, if thesc ars assumcd tc be the causse, is cstimated

from Pound's recordings to be cﬁf'3.107cm-2.

it is not certain, however, that the broadening is only caused by
a random distribution of dislocations in this ron-cubic single crystal, as
opposed to a previous conclusion valid for powder sampies. Slightly different
orientations of the axis of symmetry in varicus subgrains of the crystal due
to disiocation walls will also preoduce a broadening. The magnitude of the
spread in resonance frequencies caused by a distribution 40 of the angle ©
is obtained by differentiation of equation (12). A spread A€ of 0.5 degree
would give the required magnitude of the broadening, which should vary as
8in 26. Thig angular depcrnidence is nor observed experimentally, and there-

fore random dislocations are more likely to be the broadening agent.

In zero-field pure quadrupole spectra the presence of imperfectione
will cause a first-order broadening of the iines. The order of magnitude

will be the same as that given by equations (13) and {16} rospectively.
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Pound {2] has obsecrved such broadening due to coid work for the I pure

quadrupole resonance in a2 molecular crystal of iodine. The m; = + 5> %

transition is broadened twice as much as the m, = + %—9}_% transition,

5 SOy RIT e AR |
:

Q . Electron_g

The quadrupole interaction of a nucleus with the conduction electrons
does not give rise to prominent effects. In a non-cubic crystal the asym-
metric charge distribution of all conduction electrons is incorporated in the
distribution of all charges in the crystal to give the eleziric field gradient
g at the rnucleus, and it cannot be observed separately. The asymmetric
distribution of the conduction electrons near the Fermi level gives rise
‘to an anisotropic Knight shift. The g of only thege electrons may be ob-

served if 2 nuclene with a spinl = 3 is present.

The gquadrupole interaction will have a small effect on the relaxation

*

time even in cubic crystals. An eiectron with a wave vecior j 7 O near the
Fermi level can flip the nuclear spin not only by the magnetic dipolar

. interaction discussed previously but also by quadrupoie interaction, since
it has an asymmetry in itz wave function and individual electrons will

- contribute independerntly to the relaxation mechanism. As the hyperfine

e 1 S it il s i i Jamwmuwuulﬂum\m

inieraction will always have a predominantly magnetic character the reduction
of 'Jl‘1 by quadrupole interacticn will be email, Nevertheless, there is some
evidence from the relaxation time [16] of the isotopes Gal? and Ga! in
metallic gallium and Rb85 and Rl>87 in rubidium that quadrupole interaction
contributes. The relaxaiion times for these isoiopic pairs are not inversely
proportional to the square of their gyromagnetic ratios. The relaxation time:

is relatively shorter for the isotopes with the larger quadrupole moment.

E. Phonons

The lattice vibrations will prodiuce a time-varying gradient of the

s YT P IV T A SR T N TR A R 19 T PRI TR e

. electric field even in cubic crystals. The thermal relaration by quadrupole

interaction in solids has been demonstrated in ananambiguous fashion by

Pound [19] in a single crystal of sodium nitrate. His publication should be

e TR
A

consulted for the elegant method of double resonance with simultancsus

oy

transitions at two different frequencies between the four unequally spaced

levels of the Naz3 spin. In many ionic crystals the quadrupole relaxation
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is more important than the magneitic inieraction via paramagnetic im-
perfections. The latter ia'the only mechanism: to give reasonable re-
laxation time for I = % In-molecular cry:tals large raadrupole inter-
actions may occur which may also determine the relaxation time. The
quadrupole interaction in the presence of molecular rotation or tunnelling -
which motion one may wish;to consider as a special type of lattice im-
perfection - can be treated aiong the same general lines as the magneiic

dipole interaction in these cases. Most of the experimental work concerned

with this iype of thiexina! motion has been done for protons, for which the
quadrupole interaction is of course absent. Diffusion in solids and quadru-

pole relaxation has already been discussed earlier in this review.
F. Excitons

No information of either theoretical or experimental nature of the
quadrupole interaction around these imperfections is known to the author.

It is doubtful whether they can be produced in sufficieit concentration to
cause observable effects.

.
4 Nc

This survey may be termunated witk these concluding remarks.
influence of imperfections on nuclear magnetic resonance signals is fre-
quently so profound that inversely the magnetic resonance may bec used as a
tool for the investigation of the nature of the imperfections. In general, the
quadrupole effects are more pronounced than the magnetic effects. Problems

which can be attacked successfully with nuclear resonance techniques include:

LRI Y R R, 2 el n I2LLeml ann
selidiliusion, ionic aiffusics, atwintura af matala and alloys.

density of bound and free carriers in semiconductors, magnetic properties
of F-centers, density and distribution ‘aef dislocations, density and distribu-
tion of vacancies and interstitials, lattice deformation and electron distribu-
tion around chemical impurities, short-range order, precipitation and
radiaticn Jamage. The application of nuclear resonance technigques tc these
fields has only juet started. This review should therefore be considered as a

progress report. Many new resuits are likely to be obtained in the near
future.
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Agzendix g

it has been shown early in the history of nuclear magnetic relaxation

[30] that the relaxation of a spin system with 2I +1 equidistant levels has the
following cha=acteristics.

The saturation under the influence ¢f a steady-etate radio-frequency

=1
xu/‘x

o= An/Ano =1 +i— y?"Hif T,glv )]
where &n is the difference in population betweer adjacent levels in the
presence of an oscillating field with rms amplitude H_, and an  the dif-
ference under thermal equilibrium in the absencs= of the =i {ield. The re-
covery of the system to the state of thermal equilibrium after the rf field
has been turned off is given by a simpie exponential funciior with characier-
istic time Tl'

Whenever the splitting of the spin levels is non-equidisant the problem
of relaxation becomes rather complicated. The steady-state condition can
still be analyzed readily in tegma of the population nu
the establishment of cpin-zpin zguilibrium in each level is meore rapid than
the spin-lattice relaxation. Pound [19] has discussed this situation for
systems with gquadrupole coupling and Pake [39] for the case of magnetic
hyperfine splittings. The transitions beiween th~ different energy ievels
may have different saturation parameters. The reccovery is now a rather
complicated proceea and is not related to the steady-state sa2turatipn in the
simple manner as it was for equidistant levels. In the case of quadrupole
interaction in metals the recovery can be analyzed in detail. We shall
describe the situation which applies to cold-worked copper (I = = ). The
external field produces transitions only between the levels m =5 and - %
The relaxation process is entirely due to interaction with the conduction
electrons which produces transitions between adjacent nuclear spin levels
only. The transition probability per unit time between the levels m and m - 1

is

w=2r ¥y, (v) (T+miI-m+1) = (2T ) (I+m)I-m+1)

PO yEnmres) s P P A W A AR NS DS e e,



s ey Y B Y

o —

N

Py v

2 9 "D "SIV EPNDS S PR AT MR € RIS MRS W T Doy o o

TR199 -40-

It is independent of the auadrupole splitting, as the conduction electrons

take up any small energy balance in their kinetic energy; -pi.h“ v) is constant
up to very high frequencies. 'I‘1 is the relaxation tine in well-annealed
copper where the levels ere equidistant. The differential equationsdesacribing
the relaxation process are

an

3/2 _ 3 o ) o
at *Z“Fl (-ng ) #1035 305 - 0y
dn dn
1/2 _ 3/2 2 o o 242 ¢ P
X -« ° 7 (snyp #nyp tn_jp-mn_p) + yHny 40 ,080v)
dn-llz __ dn-yz A dnl/Z ) dn3/z
dt dt dt df;
dn
:;—3/2' " W -,\771'3. (‘n_-_y"l-l\ t+ n?‘%/? + n_}/-\ - n?ll‘))
—— —— l o - L -4 . & ‘l!“

The third equation could of course be written in a form syrameirical to the
second, but it shows clearly the obvious relation that the total number of

spins n,, + 22 4 2_1/2 + n_y/, remains constant. It is easily verified that

under sieady-siate conditions ithe sam raii saiislic

amie saluraiion reiaiion is still satisiied.

=
Except for the small change in gi{v) due to quadn

[

, the nuclear
signal i cold-worked copper will saturate at the same power level as in

annealed copper.

Tihe

"

arnrary tim
SSiOVawNy Ly

e aftocy aztizration of the central transition i8 different.
Four Hrf = 0 the system of equations reduces to two independent linear differen-
tial equaiions for LV A T) and Ny, = N_3, with the solution
-1/ -
_ . - o _ .o
Nyt M o= Aexp t/Tl) + Bexp( 6t/'I‘1) + Ny Ny

The constants A and B are determined from the intial conditions at t =0,

_ -® _.0 __ o _ ¢ d - -
Ry Ry =0 andng on goSha, R g,mny, $0 1y, OF g (ngon_5) =0

The result is then the equation used in the text,
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An = { - %exp (‘-t/Tl) - %exp (-6t/Tl) + I}Ano

Pulse techniques which measure thele transient effectz should therefore give
different resuiis in the coild-work>< material fromsteady-state iechniques,
unless the pulses are of such shert duration and consequently their frequency
spectra so wide that they turn all epins rather than change the magnetization
of the central states my = ~_;-' or - i- only.

1f the dominant relaxation mechanism is caused by dipolar interaction
between pairs of nuclear dipoles, the set of differential equations becomes
non-linear and would not permit a solution in closed form. It c2n, how-
ever, be linearized by assuming ihat the pcpulation of any of the 2I + 1 levels
never dsviates much irom N/{ZI 4+ 1}). Introduce the deviatien an_ and
neglect products of these small quantities. in the case of quadrvpole relax-
ation the system remains linear in the popviailon numbers i ana & solution
for transients can be obtained in principle. The relation te the steady-state
gnlution will be different in each individual czse.
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