UCRL-17854

C, 2_

University of California

Ernest O. Lawrence
Radiation Laboratory

MAGNETIC RESONANCE IN ORIENTED NUCLEI
D. A. Shirley

September 1967

r | T
TWO-WEEK LOAN COPY

This is a Library Circulating Copy

which may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545

T
HASEL )72 I



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



o

"Invited paper for Conference on Hyperfine ' UCRL-17854
. Interactions Detected by Nuclear Radiation, August 25~ 50 L _ Preprint' :

1967, Asilomar, California.

UNIVERSITY OF CALIFORNTA
LawrenéeaRadiation Laboratory
Berkeley, California

AEC Contract No. W- 7&05 eng-hs

MAGNETIC RESONANCE IN ORTENTED NUCLET
D. A. Shirley

Septembgr 1967



“1- | " UCRL-17854

%

;
.
1)

MAGNETTC RESONANCE TN ORIENTED NUCLEI

D. A. Shirley

5 - ' ILavrence Radiation Iaboratory
R o - University of California
- - . Berkeley, California

September 1967 -

I. INTRODUCTION
Several nevw types of experiment that entail radiative detection of nuclear
i ' " magnetic resonance are‘discussed in this chapter.' The very fact that significant

'proarecs in this area is being wade simultaneously th“ourn divefse experiments

in several laboratories denonstrates the Iapid growth and potential of radiative

detection. At the same time the basic similarity of all these experiments may

easily be obscured, laraely because the formal theoretical descriptions of the

. - various meuhods are historically sligntly different. It 1s too early, and prob-
'ably unnecessary, to make a systematic outline of the many experiwents that can
be done combining MR and radiative detection. To stress their basic similarity

is, however the first obgective of this paper. It is treated in Sec. II. A

brief survey of radiative detection of magnetic resonance 1n nuclei oriented by

~equilibrium methods at very low temperatures (MVR/ON) is given in Sec. ITII.

'Section v contains a critical discussion of the hjperfine enhancement factor.

Line shapes and resonance destruction" are treated in Sec. V, and in Sec.»VI

4
b
i
4

.-bspin'temperaturesvand spin-lattice relaxation are discussed.
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1T, RADIATIVE DETECTION OF ﬁESONANCE

In Fig. 1 the various methods for.radiati?é detection af NMR are displayed
.lin-avformaf that emphasizes their similarities. _Each'method‘can be divided into
ﬁhree essantial'steps: | f

1. .Preparation of a nuclear sample ih-whiéh the magnetic substates of
.a radioactive ieVel are unequally populated and enérgetiaally nondegénefate;_
This is aécomplished through detection of a pre¢eaihg radiatiOn in the case ofa
- NMR/EAC, through low'temperatures and a spatialiy;anisotropic Hamiltonian iniﬁhe

NMR/ON method, ete. | | |
S 2.: Radiafrequency irradiation of thé sample.
3. Observation of resonance absorption through the frequency dependenqe |

of a counting rate.
‘Beyond the obvious superficial similarity the differentaexperiments.have avvefy
basic connection. This is easlly understood by.considering, for each'expériment,‘
afstafistical ensemble of samples at time t = 0, immediately after preparation
(steé 1 above). ~For t > O this ensemble can be fully described by a density
matrix. For the common case of a diagonal density'mattix the angalar pfoperties
of the system are convaniently described by stafistical tensors Bk’familiafifaom

nuclear orientation theory,

B (t-0) = [T+ D2+ 1172 5(-n)f - " (ii 15\, ot = 0), (1)

where pmm.is a diagonal element of the denéity matrix. The angular distribu-

tion at t =0 1s gilven by
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W(e,t=o) =‘i B, (£=0) F, (LI'T) P, (cos 0) 'e--' . | (2)

where Fk(LI’I)'coefficient familar from angular correlation theory. Here L

is the multipolarity of the radiation to be emitted, I is the spin of the

state under study, and I' 1s the final state in the cascade I(L)It. Once

'p(O) is:initially specified, theoretigal treatment:of the first three cases in

Fig. 1 consists simply of evaluating W(6,t). For the MUssbauer case polariza-

tion of source and absorber must also be eqnsidered.

© A detalled discussion of the time—development of W(e,t) is beyond the
scope of this paper,'but a few general comment s may prove useful. First, an

t/T

exponential decay factor e clearly attenuates W(9,t) in each case (¢ is the

1 and T2 in the sample are
long compared with either 1, or the "time.ﬁindow", At; during which observations

are made following a beam pulse or an rf pulse, or both, then the theofetical'

treatment of W(6,t) remains identical even in the presence of RF fields. This

follows because each nucleus can be regarded as independent.

S?in-spin interactions between-identical nuclei are important only in

the NMR/ON and NMR/Mbssbauergexpéfiments, becguse in the NMR/PAC and NMR/NR cases

. the excited states are only present essentially "one at a time." Of course
- even for the former two cases spin-spin interaction can usuailylbe made negligible

. by dilution.

In the IMR/PAC and NMR/M8ssbauer methods nuclear decay is the "alternative

process"” with which NMMR absorption must compete,.and the ultimate linewidth is

given by the nuclear lifetime. In the NMR/ON and NMR/NR cases either nuclear

decay er spin-lattice (Tl) relaxation (er both) may determine the time aVHilable,‘
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for NMR absorption. In either of these latter two cases this time interval is
S likely to be longer and linewidths consequently narrower, than in the former

two cases.

-;It should belnoted that‘Tl in a metal wvaries inverselvaith bemperature.
'For ligbﬁbatoms TlT is'of theborder of»lgsecjdeg K); vhile for heavy‘atoms
TlT ~ lgi(msec—deg K). Thus T, provides an upperalimitl on the available.tlme
.forvmeasﬁrement in an,NMR/NR-experiment, if 1 is in the millisecond fange and
'the_catchef foil is at the ambient tempefature. Laréer effects'and narrower_lines,-

as well as extension to longer halflives,'wlll be attainable using catcher foils

refrigerated to liquid helium temperatures.

III. SURVEY OF RESULTS TO DATE
In 1953 Bloembergen-andiiemmer‘suggesteda that magnetic resonance on
2 _orlented.nucle* would provide aécufate'measarements of hyberfine structure
constants. Unfortunately the experlments that they suggested on paramagnetic

salts, were apparently not feasible, and early attempts to observe a resonance :

3

effect on the angular dlstribution of radiation falled because of excessive

'heating at nonresonant. freouenc1es. Thlrteen years elapsed before Matthlas and

>

o Holllday reoortedh the first successful experlment below l K,” o 6000 orlented

;nyiron. Templeton and Shlrley exnanded6 the - technicue to include frecuency

5h

ii»modulaticn and tp measure T':for §_COgand “Mn in Fe Ba“clay et al. have

‘ lobse ved7 the reaonance for ,?Sbnin Fe,' Niesen, Lubbels, and. Hulskamo have'
»observed 'resonance in a pa: greuzc sanple, 2 Wn in lanthanum magnesium nitrate.,'

These Worke:s'have'thusfdone'anvexperlmenu that is.supe ciallj cuite sirllar to
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the original Bloembergen-Temmer proposal, though, as they point out,  with the
crucial differences of high magnetic field, magnetic dilution, and radiofrequency
rédiation at a low power level. This low power level is sufficient to induce

trénéitions becausé bf amplification'through hyperfine enhapcement, discusged

" below.

IV. HYPERFINE ENHANCEMENT: A CRITIQUE
"Perromagnetic enhancement" which made possible the Tirst experiménts
combining NMR with perturbed angular correlation5,9 nuclear orientation, and

10,11 and "paramagnetic enhancement,” which was used by

M8ssbauer spectroscopy,
Niesen, et ai.,8.are special cases of the more genefalvphenomenon of "hyperfine
eﬁhancement," well-known in étomic spectroscopy.lg’13 In the discussion that
follows it is shown that this enhancement is a necessity in some experiments,
while for others it may actually be disadvantageous;

First let us recall the usual descripfion of a magnetic resonance eXﬁeri—
ment, referring to.Fig.vE. ‘We héve a system with angular momentﬁm I and magnetié

moment p = yI, a static field ﬁz directed along the z axis, and an oscillatory

field Hl(t) = 2H_.cos wt directed along the x axis. The motion of ¢ follows

. 1 d—> . :
from the torgue equation a%-: yﬁ’x ﬁz,i.e., ﬁ>precesses about Ho with a frequency

Wy = 7HO.. Transforming intd the Larmor frame, we find thathO hasbdisappeared,
and=ﬁ>is no lbnger precessing about the z axis. The oscillatory field Hl(t)
may be resolved into its two circularly polariéed components, for w = ©q

the component with the correct sense wiil‘appear in the Lafmor fraﬁe as a
4constaht fié1d al§ng the x axié. The NMR pfOcess may be understood aé preces-

sion about this field., .
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In a radiative detection-NMR"experiment it is desirable to induce at
least one tran51tlon in each nucleus in the lab frame, Whlch amounts to preces-

"sion of ~1 radlan about Hl-ln the Larmor frame. Thus the effectlve oscillatory

' fleld, Hi must be suff1c1ently large that mir ~ 1, where W, = yH is the

precession frequency 1n the Larmor frame, and To .is the correlatlon tlme (1 e.,

Tl or Tl/2

The fleld strength H

whlch is essentlally the time available for observation

1 of the oscillatory field at the nucleus is

stronger than the applled field Hl(app) by the enhancement factor F. The
‘electron splns can follow H (app) almost adlabatlcally (the NMR frequency heing
:ﬁuch lower than that for ferromagnetic resonance). Thus F is practically the

- same as for an applied static field, i.e.;

o _ o (app) . (app) . .
Ho = FHO | = HO o + H

R R LA - Gy

B - FHl(a}pp).= (1 + Hﬁf/HQ(app)) Hl(anp);

(app)/H (app)

Applylng the crlterlon w, T > 1, we flnd H (abrc)-l as the criterion

lc 1
for the necessary applled radlofrequency field strength
‘ Applylng these results to a nuclear orlentatlon experlment w1th H (app)

0
is.needed; .If.the situation were really.this simple"then NMR/ ON would be a

;'105 G, o, = 10° Hz, ana T, -'10° sec, we find that an Hl(app) of only 108

very easy technlque indeed, and would be 1mmed1ately applicable to many systoms

Unfortunately thls estimate 1nvolves the 1mp11c1t assumptlon that a natural
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linewidtn of N ~ T2'l ~ lOiE‘Hz'is atrainable. In ferromagnetic metale a more
typical linewidth is T ~.lO6 Hz, becauserof inhomogeneous broadening. Thus a
radiofrequency field'can resonate all the nuclei within a frequency interValo
Ny butvthese constitute only a fraction X/F-~ 10‘8 of the nuclear species under
study. Of course frequency modulation over a bandWLdth Ay > K will allow a
fraction AN/F of the nuclei to be reached but the duty cycle then dropo to
/AN, and the'amplitude of the external radiofrequency field Hl- ext must be
increaeed accordingly. Clearly it is necessary, in order to resonate all the
nuclei in an inhomogeneously broadened linelof width T = 106 Hz, £o apply'an
effective time-averageu field Hi(app) ~ lO—8G at each frequency,. If X ~ lO_‘2
Ha is the natural lineuidth, then this reQuires a frequency-modulated egﬁernal
field of pandwidth I' and strength HleXt = 1 G. At this level radiofrequency
heating becomes appreciable. This constitutes the most serious preaent
limitafion for the NMR/QN method as applied to ferromaéneticnmetals.

One way to overcome this difficulty is to reduce ﬁhe inhomogeneous
broadening. This may be done by improving the purity of the epecimen and.
_particularly by using single crystals. In Fig. 5 the NMR spectra from Co6O
oriented in a single crystal of iron and in polycrystalline iron are compared.
-Neitner of these lines represents the best possible eiperimental conditions. -
With polycrystailine sourcestlines ae narrow as GOOVKHZ haye been obtained,
and the single crystal used here was'only 99.7% pure. Sfill the qualitative
conclusion.is obvious: narrower lines are possible in single crystals.

Another way to reduce inhomogeneous broadening in metals is toruse an

external magnetic field directly, rather than the hyperfine fields in ferro-

magnets, to split the nuclear magnetic substates. The narrower linewidth in a
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nonferromagnetic metal T ~ lO3 Hz,rather than 106 Hz) essentially compensates
for the absence of a hyperfine enhancement factor.; Thus a ferromagnetic host
is unnecessary In fact nonmagnetic metals are clearly preferable for magnetic
moment determinations (v/F ~ lO?,rather than ~ 107 O, and by using both magnetic‘

h and nonmagnetlc lattices” hyperfine-anomaly determinations are also possible
3 .

V. RESONANT DESTRUCTION AND INTRINSIC.MULTIPOLE STRUCTURE
-The NMR/ON method has been referred to as resonant destruction of
;7nuclear orientation. In fact, as Matthias-and Olsen have foundlh for angular
correlation, complete destruction of the anisotropic components of angular
‘distrlbution on resonance is possible only for odd’ spherical harmonics. It is.
convenient in nuclear orientation problems,to approach this problem from' &
slightly different point of view. The angular distribution of radiation from~'

an assembly of oriented nuclei is given in the absence of an rf field by
W) =2 Ak (cos 0), | (v)

where P is a Legendre polynomlal of order k, and 6  is the angle from the hyper-
_fine field direction.- At resonance 1t .is convenient to consider the problem in'

the Larmor frame, where this distributlon precesses around H, (i.e. 5 in the vz

_ 1
plane, around the x axis) If we had detectors. in the Larmor frame we would

find that the time- integrated intensity would be given everywhere in the yz plane
by

Wog = SAP. | _7 | t o | (5)
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where

N .f k Pk(cos 6) de" » , , _

5 =9 f" - - = [Pk(cos 71'/2)]2 . _<' (6)
~Jo ol ‘ , , . , ,

For k = 0 through 6, ?g is respeetively 1, 0, 1/4, o, 9/64, 0, and 25/256.. In
practlce, of" course, the radiation detectors are in the laboratory_frame.v At :
8 = 0, however, these frames coinoidevand the time;average of thé attenuation
coefficlent Gy is given by @k = [P (cos ﬂ/2)]2_for observation along the z axis
in the laboratory frame, i.e., W(é = o) = z Ak K k(o) = Ak [P (cos ﬂ/e)]

In fact Gk is independent of 6. Thus there are non—zero hard-core valueo for
all even-rank statistical tensors at the resonant freqnency; and total resonant
deetruction is_notIPOSSible;. It should be noted that these results apply only

for the limiting case T M., >» , ~and T m ‘—00: introduction of finite

| c O 1/2
correlation times and/or halflife will modify these results.

An "intrinslc multipole structure' should be present in magnetlc resonanoe
lines detected through tensors of hlgher than first rank.. For a ktlarank tensor
this effect is manifest as a k-plet of components Symmetrically disposed abont -
the central frequency. This result can be derived in serveral'ways. For
angular correlations Matthias and Olsen have shownll‘L it by direct oalculation.._
It can be qnalitatively appreciated by imagining an angular distribution
Ww(8), as in Eq. (&), rotatlng in the Larmor frame but not in the (rotatlng)

Xy plane, ‘because off resonance the (laboratory) statlc fleld does not go to

zero in the Larmor frame. The statistlcal tensors must therefore precess

(1n the Larmor frame) about the resultant of the osc1llatory field H, and the
remanent static field, Ho = Q . It is easy to see how the multlpole utructure
. o

‘arises as w is varied away from ub,
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" Multipole structure is also implicit iﬁ the "MeJjoransa Factoi‘s" , Pmm:(t)

which are éléments of a probability matrix giveﬁl5 by. Majorana. Here Pmmf(t) is
. the probabiliﬁy that a nucleus starting in magnetic substate |m> at time zero .
"'will be in substéte _lﬁ’) at time t. Both |m) and llm‘) are magnetic eigen-

states in the laboratory frame. The analytic expression for Pmm:‘(t)' is

"Pmmf(t) - (cos a/é)l&I (T+m)! (T+m')! (I-m)! (I-m')?

L 7
- 1 1
w1 5 (AP (ten g/p)?Rmm »
| n! (n-mm')! (T+m-n)! (I-m'-n)! * :
- [ n=0 | B (7N
. 2 , 2 . 2 '
Here & is defined by sin af2 = sin @ sin at/?, where QA 1s the angle
— ’ '

between HO and the effective fleld in the Larmor frame . This effective field
1s the vector sum of ﬁl and the remanent static field in the Larmor frame,

(HO. + w/y) %O/I HOI s where,HO is the 'static field in the laboratory frame‘._ The

parameter a 1s glven by a = - [(wo—'w)e + a)lg] y/ I'y .«
The effective nuclear-orientation stati'stical tensors at time t and in

- the laboratory frame Bk(t) may be written

‘3k(t).= Gk(t) Bk(O) .
| | o C®
- (er)Ew ™ 5 (0T (IIE o))

In most nuclear-orientation experiments the nuclear lifetime is much

longer than wl'l, and chni, the effective intégral value of Gk(t), is obtained
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by Integrating Pmm,(t) over e_t/T, and letting 1 —w j'i.e.,

o]

PGy -t Yo [ () e Tar | (9
T 0 : : : . . .

From Egs. (7) - (9) we may caleulate E;(;T as a.functidn of aybo for any

value of Hl/HO.- Typical rgsults are showﬁ for k =1 and‘E,.fespgcﬁively, 1n.

figs. 4 and 5. Four féatures of these curves should be’noted:v 1

1, The hard core values ére as predicted. -

2. The intfihsic multipoie structure stands out.. Expe;imental determina-
tion of thé values of w/bo corresbonding to the zeroeé of E;(:T would give |
directly the effectivevvaluesvof Hl in the Larmor frame.

3. The lines are not simply Lorentzian for k > 1.

L, .AS“shown in.S8ec. T, these results épply,equally well to the nuclear

reaction and angular correlation cases.
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VI. SPIN-LATTICE RELAXATION AND SPIN TEMPERATURE
; 6
Time-dependent effects were observed in early experiments on Co © in

irOn; arising from a spin-lattice relaxation time;:Tl, Qf the order of one minute.

To meaéure.Tl accurately, Templeton and Shirley ditected the signal from a -y-ray
detector placed along the polarization direction §f a Co6o-in—iron source to a
‘multiscalér, obtaining the tyﬁe of curve shown in Fig. 6. During ) rgn.the
radlofrequency ﬁower level was maintained constant throughogt, t§ avoid spurious
heating éffects. The curve in Fig. 6 ﬁay be regarded as consisting of five parﬁs.
During intervals A and E, which correspond to "foredrifts" and "afterdrifts" in
calorimetry, the spin and lattice systems are at a common temperature,‘énd any
change.in the counting rate (which serves as. the thermometer) érises from heat
leak (including rf heating) into the combined éystem; During intervals A, D,

and E the RF radiation is slightly off-resonance and 1s unmodulated. At the
beginning of interval B the rf frequence 1s moved to the resonance region and -

is swept thrdugh resonance repeatedly during intervals B and C. Interval B is
defined as the "puildup" period during which the spin temperature T reaches a
steady state value T; auch higher than that of the lattice, TL;

state has been established, as evidenced by the constancy of Té, the rf frequency

After steady

is shifted from resonance, and the nuclei relax to the lattice temperature, in -
reglon D. Three assumptions were made for the interpretation of the first Fe Cb6o
experiments, all three of which were supported for that case by direct calcula-

tion:

1. A spin temperature Ts exists.

S a [ 1 (1 1] .. N
. i —_— ] = = - = t.
2 The equatloq T |T, T [Ts TL] is approx1mately correc

3 .
3. The orientation temsor B, varies as a + b(l/TS) in the region of interest.
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With these assumptiohs we can write
- /T o |
W(o,t) - W(e), - WG, 0) - (o) 1™/ (10)

for the time dependence of the y#ray intensity at'éhglé . Neither of the
7_1atter two.assﬁmptions are'generally valid, and it is useful to have an ekdct
expreséion'for the time dependénée of W‘Q). “This is most readily done by'dalculat—.,.
ing the.time_dependence of (l/TS)‘by the method shown below. |

| _ COnsidér an assembly of identical nuclei with spin I under an "efféctive_
.field" Hamiltonian that 1ifts the degeneracy ofithe magnetic substates; giving
- 2 + 1 sublevels séparated by energy hv = H andvlabelledyiﬁ‘order_frph the top -
by the (good) quantum number m = T, T - l,v;.}s; -.I. Suppose that the spin
tem?eratufe is higher than that of ;he lattice, 'l‘.S > TL; or x' > i, Wherg X =

hv/kTs and x' = hv/kTL.‘ The spin system loses internal energy at the rate

Qoo ) el om) - P ()
m . .

where N 1is the number of nuclei present and Plm —»m') is the probability per
unit time that any nucleus will experience a transition from ..lm) , lm
AInvoking microscbpic reversibility, separating the m—dependencé of the transition
probabilities from the ?reduced"'pfobability Wy = l/ETl, and denoting‘by a_ the

probablllty of any nucleus being‘in state lm),'we have
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n.

!

T = vy ) [(T4) - a(we)] -
o

a : a e

mil  m (12)

at

-X .
Since a = g _e this becomes
ne m+1 m 2.

o | I-1
W Wy Wo(e'x - e—x‘) j{: [I(1+1) - m(m+1)] a. - (13)

dt
‘m=-1
After soOme algebra this becomes
au x! inh x/2 =t |
_ -X -x'y sinh x _ ‘ -mx
wx - N Wole™ - e ’sinh(I+l/2)X>: [2(141) - m(me1)]e™ . (1K)
- '

It is feadily’shown from the definition of U for this system that

Y oomim?e @ . | | o)
Therefore

dx = (e™ - e-Xl) sinh x/2 ot B -

@& T, . Bm>2 _'<m2ﬂ | S?nh(I+1/?)X'ET'[T(I+l) - m(mflgF fx (16)-‘

gives the time-dependence of x. We may integrate with suitable boundary conditions
to find Ts(t). It is also useful to work with the time-dependences of the more
directly measureable quantities Bk(x). For B, for example we have the exact

expression
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at v . | I
. QT']“_‘L%‘I(I%-]_) (21..1) (21+5)]1 (m) ~(m°)
| (17)
S I-1 _ |
. ' . sinh X/2 ] mx |
X »vsinh%?ﬁui/zjx _% [I(»I+1) - m(m+l)]e f B

For any set of boundary conditions x' and x(t—O), this expression may readily

be integrated. A typical curve is shown in Fig. 7, for I = 7/2.A

Two other topics of interest in connection with T studies may be

mentioned. First the NMR/ON method allows us to explore a new region of spin

\/\\

‘temperatures heretofore inaccessible.r It is possible to explore rather critically
the conditions under which a spin temperature exists. By measuring Bl’ Bg, and

h s1multaneously in a system’ for which.T >> T. one may, for example, derive

L

various moments of Iz(i.e;,<(m), (m Y (m ) simultaneously1 Comparison.with
the hyperfine Hamiltonian for the system applies stringeht criteria for the

existence of a unique TS. In Figs 8 the variation with:x of these'three Bk’for
: N , o _ » o ,
an assembly of spin-5 nuclei is‘shown, to illustngte that thelr measurement would

give three quite separate’tempereture determinations.

The second point is that the Korringa relation TlT = constant for metals

is only a high—temperature approximation and 1s expected to break down in juSt
- the reglon where nuclear orientation becomes appreciable, namely X ~ 1. Cameron,

et al., have s‘nown:L6 that T, is expected to vary as (l-ex)/yHex._ The early results

n FeCo  are compared with a curve of this form in Fig. 9. The beginning of
non-linear behavior seems to be_present, but extension of these measurements to

*

lower temperatures.is desirable. -
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, Intuitive insight into the origin of the constency of Tl at low tempera-
tﬁféé'may be obtained by referring to Fig. 10 and 11, which also illustrate possiblé'
applications to Fermi surface studies. in Fig. 10; for:hv << KT, it is clear
that the transitiqn probability (and'Tl_l)‘for a relaxation process involving
the Fermi surfacé, is'proportional to the absolute temperature. This is true

because

'Ti_l « [ n,(n)E<T, o (18)

are

i,e., the Initial and final occupation probabilities, n, and n

i f?
essentially equal for hw << kT, and major contributions to the integral arise

in an energy region of width ~kT around the Fermi energy. In Fig. 1l the
opposite extreme, hv >> kT, is illustratéd. Here elther niror 1l- ne is zero
except for a band of width ~ hv around Ep. Thus Til “.fni(l-nflde « hy, i.e.,
Tl is tempersature-independent. Cléarly the wvariation of Tl with T Ybetween
these two extremes is dependent on the functional behavior.of n(E) around the

Fermi surface. Careful measurements of Tl(T) could test this functional

behavior.
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. where. Mr. W. D. Brewer and Mr. J. A. Barclay.assiéted in obtaining the sin-
gle érystal resonance shown in Fig. 3, and Mr. Brewef-calculated the cur?e |

shdwn in Fig. 7.
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FIGURE CAPTIONS
‘ Fig. 1. Methods employing,radiatiVe detectien of:NMR, drawn'to illustfaﬁe
their similarity. -
Fié. 2. Maghetic reSqnance fields in laboratory frame and‘Larmof frame. .
.Fig. 3. vGamma-fay ihﬁensity fellowing the decay of'Co6O oriented in iron as
a'functioh‘of'eﬁplied RF‘frequency.
.Fig. L. Aftenﬁation coefficient for a first-rank statietical tensor averaged
ever O.S t < é, for.a nuclear state of.very’iong lifetime, &iT >> 1,
for two ﬁower levels. - o
Fig. 5; Attenuation coefficient for a secoﬁd-rank statistical,tenser a&ereged'
- over O <t 5 ) for a nuclear state of very long lifetime,-aif >> 1,
for two power levels.
Fig. 6. Defermination of T, from radiation intensity. Regions A and E _afe
'_fore;and afterdrifts. Radibfrequencyvradiation.goes into ﬁhe resonent;
region between A and ‘B s and leaves between C and D.
vFig. 7. Time-dependence of ABé = B,(T) —-BE(TL),for.I = 7/2.
Fig. 8. Dependence of statisticai tensors on the temperature parameter X5

B and Bh

"1’

for Ts >.TL would be a seneiﬁive criterion_for.the existence of a

illustrating that the simultaneous determination of B o
“unique spin temperatUrevTé.

Fig. 9. Comparison of temperatuie-dependence:of Tl for Egpo6o (Ref.’6) ﬁith
Korringa approximation end‘eXacf theory.

Fig. 10. Fermi surface for hy << kT.

Fig. 11. Fermi surface for hy >> KT.
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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 Commission, or his employment with such contractor.
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