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NUCLEAR SPIN RELAXATION R.ATES BY NMR ON ORIENTED NUCLEI; Co°CCo.

Jd. A, Barclay*
Unlvers1ty of California, Lawrence Radiation Laboratory,
' Berkeley, Ca11fornla, U.S.A.

and

Monash University, Clayton, Victoria, Australia
and

: H. Gabriel .
I. Phys1ka11sches Inst1tut Preie Universitat Berlin,
Berlln, Germany.

ABSTRACT

.VeihaQe applied a'generﬁl multipole felﬁxdtion fheory fécentlyv
develoﬁea by ﬁne of the authors to‘the interpretatién of the nuclear
spin-lattice relaxation times of Co60 in Co at nuclear orientation
températuies; " In order to do'this_a nuherica}'method-fér célCulo
ating'thé relaxatioq factors for high spins at low temperatures

wés dé;eloped.' Th?Iinitial conditions and experimental details

are discussed.

*  Present Address: Department of Physics, Monash University,
o Clayton, Victoria, Australia.
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"INTRODUCTION.

The measurement of nuclear spln-lattlce relaxatlon times, T, is essential
to an understandlng of heat transfer from nuc1e1 to electrons or lattlce.

The mechanlsms of th1s energy change are baslc to hyperfine 1nteractlons

.end a knowledge of them can add to our understandlng of these interactions.

‘One of the most fruitful techniques for observing such relaxation is nuc-

lear magmetic resonenee:(NﬁR). Several static or dynamic methods have

evolved so far. These include studies of'saturation‘in continuous wave

(1) (2)

'y decay after saturation by a pulse or series of pulses ’

(3).

experiments
and others such as decay after adiabatic’passege_ These earlier
methods are all based on obeervatiom of nuclear magnetization and have
usually been limited to temperatures ebove 1°K although the development
of the dilution refrigerator will probably extend the limit to ~ .05°K.

In(eddition, the samplee are restricted to relatively large numbers of

nuclei (1020) which makes.the_study-of very dilute alloys impossible.

These two limitatioms 6m'T1"measurement‘Vere reduced when Templeton and

Shlrley ( ) illustrated measerement of T, by NMR on oriented nuclei
(NMR/ON).  Here the resonance of oriented radioactive nuclei is detected
by observing tme resulting perturbation of the Y-ray anisotropy. With ‘
this methodvspin-lettice relexatien.can be studied in very dilute alloys
in the temperature region 0.1 = 0.004°K.

.
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Howevef;‘the”interpretation‘ofethe observed sigﬁal in NMR/ON is‘complicated

because one observes a nuclear rad1at1on pattern whose directional 1ntens1ty
is descr1bed by k th rank statistlcal tensors, Bk.- Sh1rley (5) presented

: |

the first explanatlon of these compllcatlons whlch was followed by the low—

(7,8)

temperature results on Co in Fe( ) , Other authors have extended
the theory. Gabriel (9) has developed a theory describing the relaxation
of these tensors in terms of a unique T; defined exactly as in previous NMR

work;»: He also has glven -guide lines for calculating his relaxation factors,

¢1d k’ (t), at low temperatures. The aim of thls_paper is to present the

“analytical solutibn for I = 1 and a numerical method for obtaining G ﬁ ﬁ, (t)

for any spin at nuclear orientation temperatures. In addition, the initial

cond1t10ns are dlscussed and the theory is applled to the relaxat1on of Co60

in Co dovn to .OO6°K.,

. 2.1 ] . v Generalo :

The theofetical basis for the present.papef has.been_laid in Gabfiel's
‘paper (9) (hereafter called I) and‘we recall only a few formulae with-
’Out:going through the details of their derlvation. Measurement of
nuclear spin-lattice relaxation times by radiative,detection methods
v is‘but ode example;that cad.be interpreted in terms of the more general

T

‘theory of multipole relaxation, - Fo:-e system with axial symmetry‘the
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angular d15tr1but1on perturbed by the presence of relaxatlon effects
can be written as:-

"waxlal (k t) = W(e;t) =i E UkaPk(cos e)Bk(t), | (1)‘

Where the Uka depend on the decay scheme, N (cos §) is a Legendre

polynomial, and the Bk(t) are tlme—dependent orientation parameters.

The laiter can be given the form (see EQN I.100)

-,

A; AB#(t) =‘Bk(t,-Bk(eq) = E, G ; ;:(t) ABk, (t =0) v (2)
= E, (Ut | exp v{f(iL'+ ﬁ)t} |U§') AB, (% = 0).

0 ;,(t) (the same as used in perturbed

The perturbation factors G K

,dngular correlation theqry)‘are the.matrixQeiements of an evolution

operation with'respect to Pano's multipole representation. The

Liouville operater L’ describes all static extranuclear interactions,
~ whereas the relaxation operator M contains the properties of the

'surroundlngs into whlch the nuclei are embedded. In the present

paper, we consider only magnetic relaxatlon processes with static
magnetic fields., The extens;on to axially symmetric field
gra&ienta with the same axis as the magnetic field is straight for-
ward (further generalization to asymmetric cases just increases‘the

numerical calculationbconsiderably).
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._Eduation 2 shows thﬁtitﬁe orientaiion p;rameters depend oﬁ the
pfoperfies of the gnvironment(a céntribufioﬁ.which is independent
of thezséecial tyfe of experiment under consideration) and the
‘prepdrati9ﬁ bf1the initiéi staté. Ve yill see in the following
that the magnitude of the spin-lattice relaxation.time is rather

sensitive tochanges in the initial conditions.

As mentioned in I, Section Vi, we can.eiﬁher diagonalize the
matrix in the expoﬁeﬁtiqlrof (2) or invert a finite-dimensional
matri; in Liouville space in order to_calcﬁlate the resolvent
(the Laplace or Fourier transforms of the time dependent--
eiponential)

699, () o () [phewram] [uF)
L (@) = ,(q\ [p-E+ 17+ | qu-)' RE)
Aécording‘to tﬁé ;ssumed cylindrical symmetry of the syste@

terms with different multipole orientation q do not mix and

the dimension of the matrices involved in (2) or (3) reduce

to (k x k). ~The multipole order k of the normalized multipole

operators is related to the nuclear spin by 0.< k < 2I.

The only matrix elements of the static Liouville operator,

. _ . _ . " o o
L' = Lh&gn + Lquad’ (defined by Eqns. I 52 ?3) that are needed v .
for the calculation of G ﬁ ;, vanish, since the structure

’ .
constants c 5 ﬁ : = 0. (See the appendix in I for the
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Kk’ k )
Qg ' q’°

quadrupole 1nteract10n is therefore restrlcted to slight changes

quantities ¢ The influence of an axially symmetric

of the. relaxation matrlx and poss1ble modlflcatlons of the system's

.preparation due to the asymmetric 1eve1 splitting. These arguments

fa11 1f the symmetry axis of the fleld gradlent does not coincide

wlth the d1rect10ns of the magnetlc f1e1d

The'followihg tridiegonal matrix has to be inverted in order to get

Gkkl (t) (k’ —1,2 .....21).
e R o o —-- ]
PMo 12 o -
= 00 vuy - w00 v
| [ Mar o Py My 0 --- -
(. 00, R | | 4
-(Gk;’(p)) = | - “
A = 00 = 00 _
" |0 Maa Py, Mgy---
l- 0 I U SO

As in I, we have aet;;

‘(Uﬁ | luﬁ) = k (k + 1) / 2T1 - (5a)

e = (@ol®I05Y) o
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vhich have the following closed forms:—

+1 _._ (k+1) (k+2I+2) (2I-k)
(Uk'M | Uk ) twh (x) k(1) {(2; (2k+T) 4(,2k+2) (2k+37}' (Sc) :

1 :
(Uk | # |Uk‘1) S5 tanh (x) k(k+1){§g;if§1)(gif;§+1) o (5)

wvith x = Aw/2kT.
The relaxation matrix is fhereby expressed in terms of the longitudinal

spin-ia.ttice relaxation time, Ty, defined in exactly the same way as

in ordinary NMR.

Analytical Solution for I = 1.

"For I = 1 we find explicitly

>
-l
(=]
3
-
>
[\
(=}
3
-
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21

-7 =
with o = tanh(x). The Laplace transform of the perturbation
factors, 6 ° 2,(p) is given by |

k k ;

00 ‘ 00 v ’ = 00

Gy () Gy (2) Py M2
] =3 (6e)

00 - 00 , . . .\ oo

Ga1 (P) Gy () S\ M2 Mo
with -
' | - ‘= 00

Except for the case that (6b) has a double root, the following time-

differential perturbation factors emergé from (6a):-

: GOO (t) ='1—- -8inh (x) e -BY - e -Qt]

12 =

-

(7)

G g? (t) -ﬁz: sinh (x) [ -t _

G ?? (t) =-% ( -cosh(x)) ot +'%H(1+cosh(x))e.-3t
' 1

635 (1) =3 (

vith

1+cosh(x)) L1 .,c;sh_'(x))e -t

B x= hu/?kf ; @ = [2+(coah i)-I] / ?1318 = [2-(cosﬁ x)-1]/r1.
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The off-diagonal perturbation factors go to zero with increasing .

temperature whéreas the high-temperature solutiOn (1.102) ‘is re-

stored b‘yv.G??' (HT) o exi).(—t/T1) and. Ggg (HT) =~ exp \____-;t )

1

Numerical solution for I =25..

vaenrwith the assumptions of the present paper, the matrix eleﬁents,

(Ut | exp (it) | U? ), are nondiagonal in the low-temperature regime.

Therefore,'diagonalization of thé.relaxation>operator is required
yiélding (under certain conditions) a complete set of eigenvectors,
| %) bélonging.to'the eigenvalues A . ‘Eq. (2) (with L' = 0) can be
- . - X :

éifen the form
,_- ' o\ "R d 7 -
() =z, WG ) B (k=0 (8)
vhere the transformation matfix'akn = (u|U§)'obeys the relations

* ! L
E'éku.ak'u = 8t _ (9)

' In the numerical calculations the initial conditions have been‘used

t0 ‘normalize theveigenvectors in an appropriate way. In the'I =1

case the transformation matrix elements can be taken explicitly from

Eqns. (7) as functions of the Larmor frequency w, the temperature,T,

and the relaxation time T,. For higher spins'Eq.(S) must be used,
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The various perturbation factors G;ﬁ,(t) are easily obtained from

Eq. (8) by choosing a set of special initial conditions: ABk'— o

(t=0) = 1, 8B o(t=0) = O for all possible choices of o = 1,2,..2I.

The result can be cast into the form
00 _ 'No=At
G (8) = Z (U1 (x10]) e (10)
@ M ekt =1,2,....(21) .

Numerically, Ggi((t) will be a function of x and must be evaluated
for each x, The method finds application.  in its ease of extension

tovhigher spins.

As an example we have chosen I'=5 at x = 0.3. In Figure 1 we

present G22,, G2 and‘GX;, as & function of +/T,. At x = 0.3

1k 2k" |
it is not necessary to consider k values above k = 4 because Bk

for k > 4 are approximately zero as seen in Figure 2 which gives Bk

. as afunction‘ ofk for I = 5.

Varletion of In1t1al Condltlens.

 As one can see in equetlon (8) ABk(t) for a given spin can be ex—

'pressed as a sum of exponent1als vith arguments dependent only on

the temperature and time. end amplitudes dependent on the temperature

. and 1n1t1a1 condltlons. Thls emphaslzes the dependence of the -

accurecy of Tl measurements on correct knowledge of the 1n1t1a1

- f“conditions.f ;In erder to illustrete the'eensistivity of[ABkv(t)_to
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the initial conditions we have tréated three cases for I = 5 at x *
(Qquilibriﬁm) = 0.3 (cbrresponds to 10m°K for Co60 in Co fec) which

are shown in Figure'3. The first case is x (initial) = -0,3 which

inverts B, with k odd and does not change B, with k even ( this

k k
corresp@nds to a negative temperature). The qualitative shape of
the récovery of B, is very much like that of the negative temperature
experiment of Purcell and Pound 10. The coupling of the various
tensors is also apparent and illustrates thét the spin temﬁerature
assumption (Boltzmann population restriction throughout decay) is
not valid because B; and B, become negativé; The.time.decay is
_ emphasized by plotting B relative to Bk (equilibrium). The
abédlufe magnitude of any Bk for I = 5 can be obtained from Figﬁre

2,

The first case (x initial = -,3) does not obey the constraint that

" at t = 0 the observed anisotropy along 0° is given by

W(0;0) = 1 4+ UyFB, (vt =0) + UFB, (t =0). (11)

The secondvcase (x initial =-0.216) obeys this constraint ahd now the
structure has diséﬁpeared and a ﬁonotonic decay is calculated for all
three k's, This case corrésponds to a typical run of Co60 in Co

vhere the observed initial anisotropy corresponds tovx = 0.216. This
assumes a t = 0 population distribution corresponding to a Boltzmann

population which is an approximation because of the variation of H,

i)

1 4
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as 1t penetrates the sample and because it is d1ff1cu1t to assume a

fast spln-spln relaxat1on in very dilute alloys. The third case

(x initial 0) is that of saturet1on or equal populatlons This
vould obviously be ideal for obta1n1ng correct T, measurements
beceuse_complete destruction of all anisotropy (all,tensors = 0)

7

at t = 0.

- EXPERIMENTAL RESULTS.

Co69 in Co fec was used as an example of the applicatioh‘ef this theory. The

s5mple was a single crystal of Co grown by‘electre-deposition onto a Cu

single crystal (11). Co60 was codeposited with 0059 from a plating bath

to ﬁhich Co60 hddvbeen added. There was a fe#‘percent of hcp Co in the

veriginal sample according to X-ray diffractometer measurements but these

were removed by heating to 500°C for approximately thirty seconds and then

'quenching in H,O immediately. The thickness of the single orystal foil

was about 6000& which is less than the skin depth in Co at 125 MHz. After

cooling the sample to .006°K using ad1abat1c demagnetlzatlon of a. cerium

: magnes1um nitrate slurry (12), the resonance vas found at 125,10 MHz with

H ='600-oe. This is in good agreement with the NMR value for single doma1n
partxclet by Gossard et al. (1), The best linevidth (snall modulatioh)vas

1 26 MHz vhlch indicates that there probably was con81derab1e stress in the Co
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foil. Ti measurements were made by modulating over the line with H, as
high as experimentally possible.ih'order to maintain the same conditions
over the entire temperature range. A typical run is shown in Figure 4.

Given that

-Alt v -AQt | —Aat "A4_t

AB,(t) =By & 7 + 8y, T ¥ Byye T +By e . and
| (12)
(t) =g, eht ~Aat e hat N
AB4(t) = 341 e + 642 e »+ 84‘3 e + By, ©
with the B's coming from the summations in equation (8), then
| &V (058) = UPAB, (%) + hij F4AB4 (+). | (13)

The aniSOtropy curve vs. time included a baseline and a warm-up éontribution.

1The theory glves the ratio of A, to Ay Asy A4, so th1s constraint can be

added,ylelding the final function which was least squares fitted to the data:

P(1) = By tasy o MY 4 po Talb  p o Tl g o Kt gg)

_ where P, = base line (equilibrium.anisotropy), P; = small warm-up contribution,

3

The initial conditions used to calculate the B's were taken as the average
of the observed anisotropy during the time H, was applied (case 2 in 2.4).

- The results of the data fitted by equation (14) with these initial conditions




=13 - I UCRL-20433

are shown in ?igure 5 which is discussed in the following section.

4, DISCUSSIO}{ AND SUMMARY.

The Ty measuremenfs shown in Figure S_illﬁstrate the application of the
multipole reléxafidn theory.developed in Ref. (9) to NMR/ON, .It'has
been shown that exténsion to spins higher than oﬁevis straight-forward
using a computér to do the matrix diagonaiization ahd inversion, The
precision of the results is'reasonable cohsidefing thq statistics and.'
also slight initial thdifion differences between runs. The.accﬁracy
depends on'correct knowlédge of-theVinitialiconditions'but the smalihess
of the resonance signal (~ 25% of anisotropy) probably means the spin
levels are not greatiy’distrubed and thus”the‘initigl conditions we have
chosen are a good approximation. The Korringa constant, K, from the

high-temperature, high-field T, measurehent‘of Co®? in Co(13) vwas multi-
plied by [y (0060) /v (0059) 1® and then . coth(x)* was plotted
n A : T, 2KK

- for comparison with ouf‘data. . The discrepancy may indicate a systematic

error in the initial conditions or a deviation from the Korringa Law be-
fore‘reaching our tempérétufes,. Ve obtain a value of K % 0.55 sec °K

which cérresponds to thg‘dashed line in Figure 5. Also in PFigure 5 Qe

have shdwn a fit to the same data with a single exponential which illustrates
behavior similar to that obtained by Brewer et ﬁl. (6) and Co 60 in Fe.

This yields T, ' rather than T, and it should be noted that there is

‘apparently no unique relationship between the two. The deviation from

¥ We would like to thank D. A. Shirley for this suggestion, The given ex-

pression“can be derived from equation (2) in ref. 6 by defining:
! . :1.' =YW, + W ) Lo v
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T1T = constant is still observed in the present theory as expected in a .(2

system obey1ng Ferm1 statlstlcs.
v ]
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Figure 2.

Figure 3.

‘Figure 4,

Figure 5.
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Belgxation‘fagfors‘ G1k"-G2kffﬂandbG4k" vs. t/T, for

several values of k' at X = 0.3 and I=25.

Bk V8 X = hu’/sz for k =.1’2,oo.-.'o-.oo1oo

Recovery of the tensors, Bk’ after three different initial

conditions. All cases correspond to x (equilibrium) = 0.3

and I = 5. ThevlongvdaSh—Shbrt dash line is k = 1, the

solid line is k = 2, and the shorf dash line is k = 4,
The upper case corresponds to x (initial) = - .3, the

middle case to x“(ihitihl) = 0.216; and the lower case to

x (initial) = 0.0.

Anisotfopy vs., time for a typical relaxation measurement.

~ Experimental relaxation times for Co60 in f.c.c. Co. The

sdlid line'rqprésénta the extrapolated Cosg-in Co NMR

results (K = .75) (13) and the dashed line is for

K = .55 sec °K. The triangles are the data fitted with
& sum of expotentials and the dots are the data fitted with

a single exponential.
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- I=5
X=03

K=456-0
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