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The effect of electronic relaxation processes on the angular correlation and on the angular distribution
of radiation from oriented nuclei is investigated. The influence of the environment on the radioactive nuclei
is taken into account by reducing the density operator for the total system (nucleus and surroundings
mutually interacting) to a density operator for the nucleus alone. Elimination of the unobserved bath vari-
ables is performed with the help of Zwanzig’s projection-operator technique. The Liouville formalism is
used throughout. The (initially unspecified) properties of the environment enter the theory via second-order
correlation functions, which are defined in terms of equilibrium ensemble averages of certain bath operators,
like, e.g., the hyperfine-field operator. The matrix elements of the nuclear-evolution operator (which is a
superoperator in Liouville space) with respect to a complete orthonormal set of multipole operators are
just the usual perturbation factors G?¢’ of perturbed-angular-correlations theory. The consequent use of
the multipole representation yields immediately the final formulas needed in the expression for both the
angular distribution of radiation from oriented nuclei and the angular correlation function. The general
theory includes relaxation processes due to magnetic and quadrupole interactions. The important case
of purely magnetic interactions is discussed in more detail. Specialization to relaxation caused by randomly
fluctuating fields yields a formula which contains both the Abragam-Pound result for time-fluctuating
quadrupole interaction and Micha’s extension to randomly time-varying magnetic fields in multidomain
ferromagnets. Exact high-temperature solutions are presented for single crystals in a static magnetic field
and with magnetic-type relaxation processes (axially symmetric case). For nuclei with spin /=1, the
extension to arbitrary temperatures has been considered. The application of the present theory to the
problem of multipole relaxation (which arises, e.g., in spin-lattice relaxation measurements with NMR/ON
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technique) is discussed.

I. INTRODUCTION

HE influence of static extranuclear perturbations
on angular correlation has been exhaustively
studied during the last twenty years, and a full account
of the important results has been given in standard re-
view articles.! Attempts to understand the effects of the
fluctuating part of the radioactive nuclei’s environment
on angular correlation, or on the angular distribution of
radiation from oriented nuclei, have almost exclusively
been based on the classic paper of Abragam and Pound?
and, to a much smaller extent, on the Dillenburg-Maris
theory of random statistical interactions.® In the
Abragam-Pound treatment a time-dependent perturba-
tion operator representing the surroundings is added to
the static part of the nuclear Hamiltonian. Standard
first-order perturbation theory is used to account for
the additional interaction.
The Dillenburg-Maris theory gains its conceptual
simplicity by postulating the validity of a certain master
equation. The transition matrix is left physically un-

* Work performed under the auspices of the U. S. Atomic En-
ergy Commission.

1 On leave from Institut fiir Theoretische Physik A, Technische
Universitidt Braunschweig, Germany.

! R. M. Steffen and H. Frauenfelder, in Perturbed Angular Corre-
lations, edited by D. Karlsson, E. Matthias, and K. Siegbahn
(North-Holland Publishing Co., Amsterdam, 1965); H. Frauen-
felder and R. M. Steffen, in Alpha-, Bela-, and Gamma-Ray S pec-
troscopy, edited by K. Siegbahn (North-Holland Publishing Co.,
Amsterdam, 1966), Vol.- 2. We refer to the latter review as I'S and
denote equations therein by, e.g., (FS208).

2 A. Abragam and R. Pound, Phys. Rev. 92, 943 (1953); D. A.
Micha, sbid. 156, 627 (1966).

¢ D. Dillenburg and Th: A. Maris, Nucl. Phys. 33, 208 (1962);
53, 159 (1964); Phys. Letters 5, 357 (1963).
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specified and is only restricted by some invariance prop-
erties. The disadvantage of leaving the perturbing inter-
action mechanism unspecified is that the damping
constants appearing in the final angular correlation
function play merely the role of fit parameters. For the
interpretation of an experiment, this is a rather unsat-
isfying situation.

The present theory of relaxation effects on angular
correlation and on radiation from oriented nuclei is
based on a model which has been used by the present
author? to study the influence of electronic relaxation
on Mdssbauer spectra. The main features of the model
are briefly described in Sec. II. In contradistinction to
Coester’s density-matrix approach to perturbed angu-
lar correlations® (PAC), we will not postulate an instan-
taneously acting, time-dependent Hamiltonian for the
interaction between nuclei and environment, but will
instead derive a relaxation operator by reducing the
density operator of the entire system (nuclei and sur-
roundings mutually interacting) to a density operator of
the nuclei alone. The more general case, in which the
entire particular ion, rather than the nuclear spin, is
relaxing to its equilibrium state (worked out for
Mdgssbauer relaxation by Afanasev and Kagan® and by
Gabriel et @l.7), will not be considered in this paper.
Spin-lattice relaxation in ionic solids most often requires

4 H. Gabriel, Phys. Status Solidi 23, 195 (1967).

5 F. Coester, Phys. Rev. 93, 1304 (1954).

8 A. M. Afanasev and Yu. Kagan, Zh. Eksperim. i Teor. Fiz.
?S, 16)?]0 (1963) [English transl.: Soviet Phys.—JETP 18, 1139
1964)].

7H. Gabriel, J. Bosse, and K. Rander, Phys. Status Solidi 27,
301 (1968).

506



181 ANGULAR DISTRIBUTION
application of the more general theory. The present ap-
proach yields a good description of spin-lattice relaxa-
tion in metals, if the interaction Hamiltonian8 is suit-
ably chosen.

The general equation of motion for the nuclear-
density operator is a non-Markoffian integrodifferential
equation, and no explicit, practically useful solutions
(except for oversimplified special examples) are known.
Throughout the sections following Sec. II, we consider
only second-order effects in the interaction between
nuclei and environment. A further simplification is
achieved by studying only the long-time behavior of the
generalized master equation. With respect to the per-
turbation of a nucleus in the intermediate state (PAC
case), the latter approximation implies that the condi-
tion 7&K ry is fulfilled. The correlation time 7, charac-
terizes the behavior of the electronic correlations enter-
ing the relaxation operator. (In the definition of
Hubbard,? 7, is temperature-dependent because it must
satisfy the inequality 7.,2>7#%/kT.) The second-order
approximation is sufficient only if the smallest of the
nuclear spin-lattice relaxation times is large compared to
7. (which is usually true in metals). Of course, the poten-
tial of the generalized master equation is only partly
exploited, whenever the assumptions mentioned above
are used.

From the equation of motion for the nuclear-spin
system we get an operator which describes its time
evolution. We will show that the matrix elements of
the evolution operator with respect to Fano’s state
multipole representation?® are exactly the perturbation
factors G 27 (£) (we essentially use the notation of FS
whenever possible). We start with the general form of
the perturbed directional correlation function for a nu-
clear double cascade. It is given by the trace expression

W (kyke; ) =Tr[p(ks)p(ks,2) ]. )

The density matrix p(ky,0) describes the nuclear system
immediately after the emission of the first radiation in
the direction ki at time #=0. The density matrix p(ke)
corresponds to the second transition at a later time &.
Due to interactions with extranuclear perturbations,
p(ky,?) is in general different from its value at =0. We
obtain it by acting on the initial density matrix p(ks,0)
for the intermediate state with an evolution operator
Q) (to be specified in Sec. IT):

p(klyt) = Q(t)p(klyo) . (2)

The main problem is to derive, for a given interaction
model, an explicit expression for the evolution operator
 entering

W (ka,ke; £) = Trlo(ke)Q(t)p(ks,0)].

8 P. S. Hubbard, Rev. Mod. Phys. 33, 249 (1961).

9 U. Fano, Phys. Rev. 90, 577 (1953). ) )

10 Throughout this paper we agree to orient the time axis hori-
zontally from the right to the left; i.e., in a graphical representa-
tion a density p(f2) would appear to the left of p(t1) for 22>/

3)
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We notice that a similar expression can be written
for the angular distribution of oriented nuclei, taking
into account destruction of the initial orientation state
by relaxation effects. In the case (which is of very limited
practical importance) where the excited state of a par-
ticular nucleus is oriented, we just have to substitute
p(k1,0) — p;(0) and omit the index 2 in p(ks). The angu-
lar distribution of the y radiation is then given by

W (k,H) =Tr[p(k)2(1)p:(0)]. ©)

It is time-dependent, if there is any noticeable interac-
tion of the nucleus, oriented in the excited state at time
t=0, with the surroundings.

The more important case is that in which a g-radio-
active parent nucleus, with a sufficiently long lifetime,
is initially oriented, thus causing an anisotropy in the
subsequent transition(s) starting from the excited state
of the daughter nucleus. [de Groot ef al.!! discuss, for
a system without relaxation (3=Z£), how the angular
distribution function (4) has to be modified in this ex-
perimental situation.] If the interaction of the parent
nucleus with the environment is not negligible, we may
again use Eq. (2), replacing p(k;,0) by the density opera-
tor po for the parent nucleus with spin 7o. The y angular
distribution is described by

W (I,t)=Tr[p(k)ps(H)], ©)

where pg(t) corresponds to the state of the system after
the 8 decay. In contrast to the PAC case, changes in the
v anisotropy are caused by reorientation effects in the
parent nucleus; thus the time dependence of pg(f) is
merely due to

po(f)=D)ps(0) , (6)

which replaces (2). Under certain circumstances, the
reorientation effects are completely described by intro-
ducing time-dependent orientation parameters By(f) in
the final expression for the angular distribution (see
Sec. VII).

II. FORMAL DESCRIPTION OF EXTRA-
NUCLEAR INTERACTION

One aim of the present paper is to point out the inter-
relationship of quantities used in NMR studies and
PAC or NMR/ON experiments and to describe in
either case the influence of the environment on the
nuclear-spin system. It is, therefore, natural to basethe
calculations on physically equivalent models. We apply
a procedure which has recently been used to study the
influence of electronic relaxation effects on the Moss-
bauer line shape.*” The method exploits the elegant
projection-operator technique of Zwanzig,!? first used
by him in problems of nonequilibrium statistical me-

1S, R. de Groot, H. A. Tolhoek, and W. J. Huiskamp, in
Alpha-, Beta-, and Gamma-Ray Spectroscopy, edited by K. Siegbahn
(North-Holland Publishing Co., Amsterdam, 1966), Vol. 2.

12 R. Zwanzig, Physica 30, 1109 (1964).
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chanics. The first application to a line-shape problem
has been given by Fano.'® All aforementioned theories,
as well as most of the NMR theories,'* are based on a
density-matrix approach. That the latter is directly
applicable to our problem is clear from Egs. (2) and
(6).

We recall some of the main features of the widely used
model: The radioactive nuclei (dilutely dissolved in a
host lattice, so that their direct interaction can be ig-
nored) are considered to be imbedded in a heat bath
responsible for the extranuclear interactions that we
are interested in. The elimination of the unobserved
bath variables is accomplished by means of Zwanzig’s
formalism, which combines the use of Liouville operators
with that of an appropriate projection operator. The
Hamiltonian for one particular nucleus is the sum of
three terms:

=3 +ICr+3rn. @)

The Hamiltonian for the nucleus 3¢, includes the in-
teraction with an external magnetic field. (Although we
have also investigated the NMR/PAC and NMR/ON
situations including relaxation effects, we here restrict
ourselves, for the sake of simplicity, to the case where no
rf field is applied.) The second term, JCg, is the Hamil-
tonian for the reservoir. With respect to the interaction
Hamiltonian 3Cx,, we only assume that it can be written
as a scalar product of irreducible tensor operators:

=Y ¥ (—DT OV H®),  ©)

k g=—k

acting on the nuclear system and the bath, respectively.
The density operator for an ensemble of equivalent nu-
clei in the reservoir W (n,R) obeys the equation of motion

LW (n,R)/dt]=[3e,W ]=LW #n,R), h=1. (9)

On the right-hand side of (9) we have introduced a
special superoperator L, the Liouville operator associ-
ated with the Hamiltonian 3C and defined by the com-
mutator relation as indicated in (9). The concept of
superoperators has been generalized to include, besides
the Liouville operator, any superoperator R transform-
ing an ordinary operator 4 of a given Hilbert space into
another operator B=RA4 of the same space. In order not
to obscure the main physical features of the paper, we
have collected the mathematical tools in the Appendix.
Of special interest for our problem will be the finite-
dimensional unitary vector space U spanned by the
2141 state vectors of the nucleus with spin 7, and the
associate Liouville space £ of dimension (2741)2,
spanned by the operators 4 of U. The fact that the
operators 4, B, ---, of U (transforming a state vector
|¢) into another one, i.e., |p)=A4|¢)) may be con-

13 U. Fano, Phys. Rev. 131, 259 (1963).

14 For a review and further references see J. M. Deutch and I.
Oppenheim, in Advances in Magnetic Resonance, edited by J. S.
Waugh (Academic Press Inc., New York, 1968), Vol. 3.
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sidered elements of the Liouville space £ is indicated by
adopting the notation | 4). The action of a superopera-
tor R on [A4) yields some |B)=R|4). The reader is
referred to the Appendix for details.

The reduction of (9) to an equation of motion for a
reduced density operator p(#) of the spin system alone
is achieved by Zwanzig’s formalism using the special
projector’?

P=pr(R)Trg, (10)

where pr(R) is the equilibrium density operator for the
reservoir. The operation (10) performed on W (#n,R)
yields the reduced density operator p(#) which is inde-
pendent of the bath variables:

PW (n,R)=pr(R)p(n). (11)
The irrelevant part (1—P)W (n,R) in the decomposition
W=PW+{U—-P)W (12)

is exactly eliminated from (9) by the projector tech-
nique. It is very useful to split the Liouville operator L
into

L=L'+1", (13)
LI=Ln+ <LRn>R, (14)
L'"=Lp+ (Lgn— <LRn>R):LR+ALR"7 (15)

i.e., to combine with L, the static contribution of the
spin-bath interaction, given by the ensemble average

(Lrn)r="Tre[Lrapr(R)]. (16)
The Liouville operators L’ and L" obey the relations®
PL'=1'P, PL"P=0, PL"(1—P)=PL", (17)

which have been used to simplify the expressions. With
the initial condition that at {=0 the combined #-R
system is uncorrelated, i.e., (1—P)W=0 for {=0, we
d(erive the following integrodifferential equation for
o(n):

3p(t) Lo
_l;t_«=—-iL'p(l)——/; dr M(7)p(t—7). (18)

The influence of the heat bath on the nuclei is condensed
in the relaxation (super-) operator

M(8)=Tr[ALzne # P IAL por(R)].  (19)

We notice that the exact equation of motion is nonlocal
in time. As is well known from nonequilibrium statistical
mechanics, the non-Markoffian behavior of (18) arises
from the exact elimination of the time-varying irrelevant
part of the density operator W(n,R). Equation (18)
shows that it is not in general possible to describe the
influence of the environment by adding a time-depend-
ent perturbation to the nuclear Hamiltonian as was as-
sumed, e.g., by Coester.® For applications to a particular
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physical problem it is often desirable and also sufficient
to study approximate solutions of a problem. We re-
strict our further calculations to the second-order term
in Lga, i.e., we will replace the Liouville operator in the
exponential by Lg. A rough criterion for this to be valid
has been given in the Introduction. Using (8), we can
factorize (19) into nuclear-operator parts modulated by
correlation functions depending on the properties of
the dissipative lattice system. With

0O =V BV P, (20)
2,0 (£) = exp(itLz)v, ¥ (0)
=exp(1t3Cr)v,® (0) exp(—itiCr), (21)

we define correlation functions and their Fourier trans-
forms by

ke® ¢ (1) =3 (= 1) ([0 ® (©),2 q,(k’>(0)]+)g
1t
=—/ doy T ¢ (w)e™tt (22)
D7 (1) =3(=1) 7 {[o—g® (1) ,0—¢ ¥ (0) Dz
1 e
=—/ dw Kp¥' ¢ (w)et, (23)

Using (A25) and the identity (a(¢)6(0))z= (a(0)b(—1))z,
it can be shown that the following relations hold:

Tid ()P = (= ) Ty = (—0)

— ()T o), (24)
Ki¥ (@)= (— ) K, #~(—)
= (1)K #9w). (25)

The quantities defined in (22) and (23) are not inde-
pendent of each other but are related by

K" 7 (w)=tanhifw J; 27 (0), B=1/kT, i=1!

which is analogous to the well-known quantum-
mechanical fluctuation-dissipation theorem. We follow
the assumption by Wangsness and Bloch!s that the
fluctuations of the magnetic and electric fields [con-
nected with £=1 and k=2, respectively; see Eq. (8)]
are uncorrelated, and therefore restrict ourselves to
correlation functions with £=%’. In addition, we will be
interested mainly in the axially symmetric case which
requires ¢’=—q. The correlation functions (24) and
(25) are real for k=%’ and ¢'= —q.
Introducing (22) and (23) into (19), we find

(26)

M=% Z [Cig*? (DT exp(—itL')T ¢ ®

k=1,2 q,¢'=—F
+Dit ()T (@ exp(—itl) T+, @], (27)

where, according to our notation, 7, is the Liouville

15 R. K. Wangsness and F. Bloch, Phys. Rev. 89, 728 (1953).
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operator belonging to the nuclear part of the interaction
Hamiltonian (8) and 7', is the superoperator defined
by the anticommutator relatlon

T+ WX=[T,® X],, arbitrary X. (28)
The exact formal solution of (18) is easily found by
Laplace transformation to be

p(p)=0p)p(t=0)=[p- EA-iL"+II(p)Tp(t=0), (29)

where p(p) is the Laplace transform of p() and

M(p)= / dt eI (D)

1 e
=y ¥ - dw T'¢® (p+iw-il )1
kE oadm/)_

X[Tkd* @)T ¢ B +Ked? (@) T+ ®]. (30)
The form of (29) establishes the connection with the
Laplace transforms of Egs. (2) and (6). The evolution
operator &(p) [or its Laplace inverse {(#)] is now ex-
plicitly defined by (29) in terms of the static nuclear
Liouville operator ' and the effective interaction of the
nuclei with the lattice 47(p). The relaxation operator
(30) is a function of the spectral density of the correla-
tion functions (22) and (23).

For times > 7,, the generalized master equation (18)
canbe approximated by a Markoffian equation of motion.
Since we restrict ourselves to second-order effects in the
spin-bath interaction, we may approximate p(t—7) in
the integral of Eq. (18) by the formal solution of the
unperturbed Liouville equation p(i—7)=exp(—iL'r)
Xp(d). Furthermore, since the correlation functions, and
consequently A7(f), are practlcally zero for t>7,, the
upper limit of the remaining integral in Eq. (18) may
be pushed to infinity. We will make use of the identity

® 1
/ exp(ixt)di =i+ d(x) (31)
0 %

and decompose

NE/ M(t) exp(iL't) =0 +ilT . (32)
0

In the representation that we will use, both M and /7
are real, i.e., we separate a second-order energy renor-
malization M from the damping term M. We will give
explicit expressions for M and M for the special case of
an axially symmetric environment. The approximation
leading to the Markoffian equation of motion

p(t)/ dt=—i(L'+M)p(t)— M p(2) (18')
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is valid only for > 7, and this requires 7 x>, for radio-
active nuclei. (For impurities in metals, this condition
is fulfilled in many cases.) In the region where 7. is of
the order of magnitude of the mean nuclear lifetime 7y,
results based on the approximation (32) have only very
limited validity. To find a reliable solution in this case
we could, e.g., first specify the time behavior of the
correlation functions in (27) and then look for a solu-
tion of the non-Markoffian equation (18). In this paper
we will restrict ourselves to the aforementioned ap-
proach with the advantage that the noise spectrum of
the fluctuating lattice need not be specified at this stage
of the theory.

III. CONNECTION BETWEEN EVOLUTION
OPERATOR AND PERTURBATION
FACTOR

We choose the PAC case and expand the operators
appearing in (1) into an orthonormal set of basis opera-
tors!'® or basis supervectors in Liouville space. For the
problem of extranuclear perturbation of the nuclei in
a given state specified by spin 7, the normalized spheri-
cal tensor operators U, [their properties are described
in (A17)-(A20)] are an appropriate set of basis super-
vectors. Using (A19) twice and the definition of the
scalar product, Eq. (1) reads

Wkpky; )= > (o(ke)| U, ™)

ka, k" q"

X(U® Q)| Uy ®)W U * ] p(ks,0)).  (33)
The £’s assume all integral values up to 27; the multipole
orientation ¢, as it was named by Fano,? is specified by
all integral values between —£& and k. From comparison
of (34) with Eq. (FS208), both specialized to the unper-
turbed case (@=E), we immediately find [in terms of
spherical harmonics and the coefficients 4 defined by
Eq. (FS99)]

(o) | U, @)= A4, Y1:2(0,9)[4r/ (2k+1) 1> (34)
The perturbation factors defined by
G t? ()= (U P Q)| Uy *") (35)

reduce to Eqs. (FS209),'7 if the evolution operator {2
can be represented in the special form QX =AXA+,
where X is an arbitrary operator of U. This can be shown
by a simple change of representation (A28). A(f) is a
unitary operator describing the evolution of the state
| Im).18

16 J. Fano, Rev. Mod. Phys. 29, 74 (1957).

17 FS use the notation Gz12'? for the perturbation factors (35).
We prefer the abbreviation (35) because it maintains the natural
order of indices introduced by the decomposition (33).

18 For a more detailed discussion see H. Gabriel, Lawrence
Radiation Laboratory Report No. UCRL-18496, 1968, Secs. II1
and IV (unpublished).
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IV. MATRIX ELEMENTS OF THE MULTIPOLE
EXPANSION OF THE RESOLVENT

We go back to the Laplace transform of {(z) defined
in (29). The resolvent () is a function of the static
perturbation L’ and the damping term J(p). The
Hamiltonian for static magnetic and quadrupole
interactions

1K
= T N (~1)eTe® @)@

K=1,2 Q=K

=3€magn+gcquad ) (36)
where Fo®) stands for the extranuclear static fields
including the part induced by the surroundings, can be
expressed in terms of the normalized multipole operators
Uq®). Using the Wigner-Eckart theorem and (A17), we
have

To®=Ug®Re, Rx=(I|T®|DEE+)  (37)
and the matrix elements of the Liouville operator associ-
ated with (36) are simply given by

0,910, )

=2 (—1)%RkF_qPcqqy ¥*. (38)
K,Q

The structure constants ¢ are defined in (A24) as the
product of a Wigner 3-j and 6-j symbol and a phase
factor, which vanishes for K+%'+%= (even integer). By
their definition, the structure constants are different
from zero only if Q4¢’'=¢ and the triangular conditions
for the 6-5 symbol are fulfilled.

Because we identified 7V and 7® with the tensor
operators of the nuclear magnetic moment and quad-
rupole moment, respectively, the quantity F® equals
the effective magnetic field (except for the sign, if
FCmagn=—1u-Hegr). FS’s definition of the quadrupole
Hamiltonian contains an extra factor £z which is not
present in (36). The corresponding quantities are re-
lated by

TO=@EGm) 2 (T®)ps, Fo®=(V..)ws.
In terms of the magnetic moment p and the quadrupole
moment eQ, the Rx of (37) read

sl )]
)]

(39a)

Rz=eQ[4(\/5)(_j (39b)
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In the Appendix we have collected some useful sym-
metry relations for the structure constants. Making use
of the last equality in (A26), we find

(DL U )
= (—1)eta+(U_p, " | L’

U_®). (40)

(US| M) Uy *)

—K
=Z 2. Rg? Z

K=1,2 Q,Q'=K kiq1k2q2 ™

Kkik, Kk'k:
+¢Qa1d™ " dq ¢ g =
T

The sums over ¢ and ¢» are redundant. The structure
constants dgr,5,** appear as a consequence of the
anticommutator

P | Uy )= Ri| [Ugr®, U ©14)

and differ from the likewise labeled ¢ only in the phase.
We can express this by giving (A24) the form

kikoks = L[ (— {)krthrtks— 1g, o kiksks

Ca1q203 (43)
[the definition of ¢ being obvious from the comparison
of (43) and (A24)]. Then

dq1q2q3k1k2k3= %[(“‘ 1)kl+k2+k3+ 1]éq1qzq3k1k2k3- (44)

In contrast to the ¢’s, the d’s vanish for ki4ko+ks
= (odd integer). The sign changes in the symmetry rela-
tions are indicated in (A26) and (A27). (See the remarks
following these formulas.)

The phase relations together with the triangular con-
ditions restrict the possible combinations of the multi-
pole orders considerably. For relaxation processes caused
by tensor operators of the first rank (‘“‘magnetic-type
relaxation processes”), K=/ki1=1, we have the selection
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Equation (40) implies, in particular, that
(Us® | 1| Ug®)=0, (41)

The calculation of the matrix elements of M(p) is
straightforward and yields

00
(”akalchlq'nK’“'““ f Ao (U 3,0 | [ptiwiL T U gy ®0)J k5@ ()

doo(U | [picotil, T Uq,<k2>>KKQKQ’<w>> @)

rules

1kok3 — 1koke
)

(45a)
(45b)

CQqgza3 OrkaksCQazas

k2 lkoks

1koks —
quzqz i= 6702,ka:|:1quzqa

Analogously, for K=2, i.e., if relaxation is due to quad-
rupole interaction, the upper indices must fulfill at least
the conditions

2kok3 — 2kak3
b

(45c¢)
(45d)

CQqza3 Oky, ks+1CQazas

2k2k3 — 2kok3

quzqz Bkz,ksﬁ:Zquzqs

for the coefficients ¢ and d to be nonzero. For a sys-
tem with cylindrical symmetry (g1=¢: and Jgo%X¢’
=0qr —@J k%9, it is obvious from (42) that again

(U P HP)| Uy *)= 800 (U P [ M (p) | U).

In the applications, we will be interested mainly in this
case. Moreover, for a large number of experiments the
magnetic-type relaxation processes are dominant. We
specialize (42) to this important case by restricting K to
K= 1. By virtue of (45a) and (45b) the sums over k1 and
ks can be performed, and we are left with the much
simpler expression

+1 1+
W B Q)| TS =Rt ¥ <6kk1(—1>Q<Clekk>2— f do(U® | [ptio il T Un @) 1010(w)

Q=1

™

1 pte
+ X 5Qq1q1kkd—Qqq11k1kl+i_/ do (U ¢ ® | [p4-iw+iL" T Um(klﬁ))KlQl—Q(‘*’))- (46a)

1=+1 ™

If the quadrupole interaction is negligible compared to
the magnetic energy in the L’ appearing in the resolvent
under the integral, the second term in (46a) is nonzero
only for k=Fk'21, because Lmagn is diagonal. Even if
the full L’ is not strictly diagonal, it will often be a rea-
sonable approximation to fix the frequencies in the inte-
grand by a diagonal-part approximation for the resol-
vent. To do this we decompose L'=Li4L,, where
L, (L;) has diagonal (nondiagonal) matrix elements

only. Then to the lowest approximation
(Uq(k) I [x+iL/]_1| Uq(k)) ~ Ex+ (UqUC) ‘ i[dl] Uq(k))
(U | Lol s | U @) T

The above approximation is better the slower the corre-
lation functions J(w) and K(w) vary within the range of

the frequency shift due to exact diagonalization of L’

19 We sometimes use the notation Jxg&%=Jg K.
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(measured with respect to the frequencies of the
diagonal-part approximation). The two parts into which
(46a) decomposes in the cases mentioned are

+1
U PP UP)=R? 3 (—1)%couq*)?
Q=1

1 /+w J10"(w)dw
o pHiotior

™
(46b)
- +1
(Uq(k) I M(p) l Uq(kil)) =R12 Z CQQIQIkkd_QQQIlkiIk
Q=1
1 /+°° Klgl“Q(w)dw
T Jw pFHiwtioig ’
with
iwrg= (U™ |iLmagn
+Lquadtp+iw+ iLmagn]“quuad‘ Uq(k)) . (46C)

For the pure magnetic case, we have, according to (38),
(39a), and (A24),

wkq:RlFO(l)CqulkkzRl(_‘Heff) 7
Xg{3/LII+1)(I+1) ]3>
= (—pHess/I)g=wrg, forall k; A=1. )

For later use we give for this special case the final pairs
of matrix elements for N=M-+:M introduced in Eq.
(32):

(UP|M|U®)

+1
=R ¥ (—1%eaud*) V1% wrQ), (48a)
Q—1
(UP|M|U D)
+1
=R Y coudPd—qoa K19 %(wQ), (48b)
Q—1

(Uquc) IMI Uq<’°>)
R Y (—D)end ™ (@Q), (480)
Q=1

(US| W U4)

+1
= _R12 Z Cqulkkd—QtMllkilkIQ” (""LQ) .
Q=1

(48d)

The functions I’ and Ig” are the Hilbert transforms of
the correlation functions?

1, ]1Q1—Q(x)
I (y)=— / =
TJ o x—y

+e K19 x)
e

wort [

(49)

x=y
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obeying the relations

L' (y)=—1q'(—y), (50)

19" (y)=14"(—y).
All the correlation functions are real for a system with
axial symmetry; therefore the same is true for the matrix
elements (48). Using the properties (24), (25), and (50)
of the correlation functions and the symmetry relations
for the structure constants given in the Appendix, we
easily prove that for both #’=F% and &’ =k=+1

(U,P|J|\U,#)=(U_®|J|U_*),  (51a)

(U@ [ JT| U #) = — (U_® | | U_, ). (51)
We have shown in detail in this section that the vari-
ous matrix elements necessary for the evaluation of
G are expressed in terms of the nuclear multipole
moments x and eQ, the extranuclear static fields, and the
correlation functions depending on the properties of the
surroundings. The nuclear spin does not appear explic-
itly but, of course, determines the range of possible %
values and the numerical value of the structure con-
stants. The evaluation of the perturbation factors is
completely reduced to a simple algebraic task.

V. CALCULATION OF THE PERTURBATION
FACTORS

A. General

We now have the choice either to diagonalize the
denominator in the resolvent (29) or to invert a finite-
dimensional matrix in the Liouville space. In both
cases one has to use a computer for higher spins. We
briefly discuss in what follows how the general problem
can be adjusted economically to a subproblem defined
by the experimental situation. We will study in detail
special problems which have exact solutions. In this
paper we always use the method of matrix inversion.

In the general case Gy 9% (p) is given by the inverse
of the following (27+1) X (2I+1) matrix:

Gur st ()= (U@ | [p- B+ + M) T U, #), (52)

with elements defined in Sec. IV. To define what we
called “subproblem,” we consider a y-y correlation ex-
periment. Only the even-even terms of G2 are of
importance in this case. For pure radiation, the maximal
k is given by min(21,2L,2Ls), where L; and L, are the
multipole orders of the radiations in the cascade. The
dimension of the matrix to be inverted is, however,
determined by the nuclear spin only. For an ideal ex-
periment it would be sufficient to calculate all possible
Griw?? (k and k' even integers). The admixtures of the
other matrix elements to this relevant submatrix can
be taken into account exactly with the help of the so-
called partitioning technique. The problem is simplified
by the special structure of the matrix d=p- E-+iL'+ M,
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as we will see later. First, we arrange d in the following form:
NE
A 2 4 1 3 5
0 | aop o1 Qo3
2 (23
4 oo A4q
A|B
(@)= =1 —J . (53)
1| aw a2 an C|D
3 g3
5

We have suppressed the possible ¢ values in
(U P8| U g )= appr0?’

so that every element az is in fact a matrix itself.?0
Secondly, we partition the total matrix into blocks of
two square matrices 4 and D and the rectangular ma-
trices B and C. The interesting part of the resolvent
can be determined from the following theorem for par-
titioned matrices:

(4—BDIC)

o (BD-1C—A)~'BD-
@ _<D—1C(BD*1C—A)“1 ) '

(D—CA—'B)!
(54a)
Therefore,

(@ re=[(A—BD'C)yuw, k,k evenintegers. (54b)

For kmax>4 we are usually interested only in the per-
turbation factors up to 2=4. In a real experiment,
higher-order terms, even if theoretically possible, are
not obtained with sufficient accuracy. The described
procedure might be used a second time to determine the
experimentally relevant G (k, k=0, 2, 4).

B. Examples
1. Randomly Fluctuating Fields

Two interesting cases have been discussed in detail.
Abragam and Pound? have treated the case of a ran-
domly fluctuating quadrupole interaction as it appears,
e.g., in liquids. Micha? extended the method to a multi-
domain ferromagnetic metal with both an average static
magnetic field in each domain and a randomly time-fluc-
tuating component. No external fields are present in
either case. The common approach with respect to the
time-fluctuating part is to split the ensemble average
into an average over directions and magnitudes of the
perturbations. If we interpret our bath operators Vo
or 19® [see Egs. (8) and (20)] as classical fields Fo®,
as in (36), we must also read the former ensemble
average (- -+ )g as an average over an ensemble of ran-

20 The reversed order of lower and upper indices has been intro-
duced to agree with the customary notation G ?9'.

dom processes. The main assumptions used by the
authors? are that 7,&7y and @&7r&1, where & is either
the Larmor frequency in the average static field or wqs,
the splitting of the intermediate state by interactions
other than the fluctuating field gradient. In the follow-
ing we show how the same results can be deduced from
our formalism. The first assumption justified the use of
the Markoffian approximation, as we mentioned in
Sec. II. The condition @7,&K1 allows us to neglect the
frequency dependence of the remaining correlation
functions, i.e., to write Jgo® o)~ Jxo%9(0). If fol-
lows from (46a) that this approximation is equivalent to
a cancellation of the static Liouville operator L’ in the
integrand.

Because (U,®|M|U,*") transforms under rota-
tion as the product of tensor operators, the average of
the relaxation matrix over the Euler angles can easily
be found to be

(US| MU g ®))omsles = 5145, 00 (20 4-1)
XX (Ug® | M| Uz®)= 841 8gg M. (55)
F

A glance at (42) shows that in the present approxima-
tion only the first term contributes, because we have
ki=ks, g1=¢» and the structure constants ¢ and d can-
not be different from zero simultaneously. In the first
term we can neglect the imaginary part for ar<&1. [It
can be shown* that for an exponentially decaying corre-
lation function Cge%=9(f), the Hilbert transform of the
associated Jxo® (w) is smaller than Jxo% 9(w) by a
factor &r..] Substituting the surviving and properly
simplified part of (42) into (55), we find

+K
Ne=(2k+1)"1 3 Re? 3 (—1)9 k05 9(0)
K=1,2 Q—K
X 3 (coua®hh)?

k1a13

+K
=2 3 Rg* 2 (—1)Uxo“0)
Q=K

K=1,2
1 I

X[_.___(__l)k+1(+21{
2141 I

1) o
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The sums over the squared structure constants can be
performed using the orthogonality relation for the 3-5
symbol and the sum rules (6.2.9) and (6.2.11) of
Edmonds’s book.?!

The relaxation constants (56) are exactly the same
as those reported by Abragam and Pound [their Eq.
(71)] and Micha [his Eq. (21)].

For K=1 and an exponential correlation function
with a single correlation time 7,, we find

S (—1)21q(0) = (H —(H))?)ro = ((AH))ro,
Q—1

and therefore, using (39a) and the explicit expression
for the 6-7 symbol and the gyromagnetic ratio instead of

u, Ne=3v(AH)*)7k(k+1). (37)
The perturbation factor is given by
Gu(p) =2+ X [ptiwzg+NT™,  (58)
q

from which both the time-dependent and the integral
attenuation factors are easily derived.

In (56), the sum of Jxo%~? over the multipole orien-
tation ( is invariant under rotation. The correlation
functions can therefore be described with respect to an
arbitrary coordinate system. For an axially symmetri.c
field gradient with an instantaneous symmetry axis
along 7/, we may write

S (= 1) 20 = (Vo re.

Q=2

The lengthy expression for A, [see (FS354) ] will not be
repeated here.

2. Static M agnetic Fields and M agnetic Relaxation
Processes. High-Temperature Limit

In the last examples the terms depending on the corre-
lation function K(w) dropped out by averaging over the
directions. The same mathematical simplification may
also be effected in single crystals without the assump-
tion of randomly fluctuating classical fields. By virtue
of (26), the damping part of the relaxation matrix re-
duces to diagonal form in the multipole representation
if Bw1. The frequencies we are concerned with are
integral multiples of the Larmor frequency wz, belong-
ing to the effective field at the nucleus [see Egs. (48a)
and (48b)7. The high-temperature limit in nuclear mag-
netism may in fact include rather low temperatures even
if the effective field is high. The study of the analytical
solution of the high-temperature approximation is there-
fore of some interest.

In the following we always assume that the quantiza-
tion axis is along H and that no quadrupole interac-
tion is present. The use of the matrix elements (48)

21 A, R. Edmonds, Angular Momentum in Quanium M echanics
(Princeton University Press, Princeton, N. J., 1957).
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requires 7x>>7,, as before. We restrict ourselves to the
diagonal terms (48a) and (48c). The solution is then
given by
Grrt2(p)=(UoP [{p EAi[ Linagnt M1+ MY~ U, )
={p+ilwrg+U,P M| U,P)]
+UP M U@}, (59)
which is exact in the present approximation, valid for
arbitrary k, and does not explicitly depend on the nu-
clear spin I. The order of magnitude of the second-order
frequency shift cannot be estimated without specifying
the electronic correlation mechanism. It is negligible for
wr7K1, but might be appreciable in situations where
wrT.~1. Using the abbreviations

Vig=wrg+ (U M |M| U,®),
Nog= (Uq(k) IM! Uq(k)) )

the time-differential perturbation matrix is given by the
Laplace inverse of (59),

Gkqu(t) = g itvhaMat,

(60)

£>0. (61)

The time-integral perturbation factors follow immedi-
ately from (59) by substitution of p=1/7y and multi-
plication by 1/7x.

The main deviation from the Abragam-Pound solu-
tion (56) is that there exist individual damping con-
stants for every multipole orientation ¢. It follows from
(51b) that vig= —i—q, l.e., the frequency shift in (60)
leads to a symmetrical change in the frequencies at ¢
relative to the center at ¢=0. The associated damping
constants are even functions of ¢g(A\x;=N\1_y). This fol-
lows from (51a).

Introducing the explicit expressions

Cog**=agq, a=V3[I{I+1)Q2I+1)T12 (62a)
CargF 1" = Fal (kx=q) (kFg+1)/2]12 (62b)
into (48a), we find that
Meg=v{¢*[J10"(0)+ Jur (—wz) ]
— k()T (—wp)} . (63)

The appearance of the gyromagnetic ratio shows that
the correlation functions are expressed in terms of an
effective hyperfine field (hf) operator Hyy, i.e., the inter-
action Hamiltonian has been given the form

+1
GCRn= Z (—'1>QTQ<1)(1’L) V_.Q(I)E ""YI'HhL (64)
1

Q=

With h=He;— (Hetr)r, the correlation functions are
then defined by

1
T = / dt explist) AT (0) e, (653)

1 i
Jitt (w) = —5 / di exp(iwt)

XG0 - (0) 1) r=T1' (—w), (65b)
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which shows that, to all multipole orders, the damping
is determined by secular and nonsecular processes. As
is well known from NMR studies, the latter include the
effect of transitions induced between the states of differ-
ent multipole orientations by the transverse components
of the hf operator. The secular processes describe the
influence of the spread of Larmor frequencies due to the
change of the z component of the hf operator. The
damping constants (63) may be expressed in terms of
the appropriate longitudinal and transverse spin-lattice
relaxation times 7T; and T,. Instead of (63), we then

have —  —BH1)/2T4 @ To—1/TY). (63

For rapidly decaying correlations in the electronic sys-
tem, wr7.&K1, and isotropic hf interaction, 7'y becomes
equal to T, and the damping constants are then inde-
pendent of the multipole orientation g.

The case T1% T2 should under favorable conditions
be directly observable in a time-differential PAC experi-
ment. Let us look at a typical experimental geometry.
We orient the static magnetic field perpendicular to the
detector plane and observe the two radiations with col-
linear counters (§=). Furthermore, we consider the
case kmax=2 (realized, e.g., in the extensively studied

M1 E1
1+ — 2+ — 1~

4 0 _
@)= 0 (U | pi[ Lonagn- M+ I | U®)
(U® | F+id|U©®) (UD| M+ilT| U®)

where the missing indices ¢ and ¢’ indicate that each
element in (66) is itself a square or rectangular matrix.
For an axially symmetric system, only terms with g=¢’
are nonzero. All matrix operations with the supermatrix
(66) can then be done as if the elements were simple
numbers. We nevertheless use the rigorous matrix nota-
tion, because the formulas are then easily generalized
to the nonsymmetric case without change in the order
of terms. It is a general feature of the resolvent that
(besides p in the upper left corner) all elements of the
first row vanish. The asymmetry of (66) is obvious
from the nonvanishing element of the first column and
the other “low-temperature” nondiagonal matrices in
(66).

OF NUCLEAR RADIATION 515
cascade of 1°Rh). The directional correlation function is
then given by

Wi(w; £) =143 42 G2:(t)+3 ReG2?2(f)]
= 1+%A22 exp(—3t/T1)
X{ 1+3 exp[—4t(1/T2— 1/T1):| COS(Vnt)} y

where Ag is the correlation factor (FS92) of the unper-
turbed correlation and pes=2w;+ 55?2, Besides the
second-order frequency shift 15?2, the relaxation is
manifest in the two damping terms. If we eliminate
from the experimental data the exponential decay (due
to the nuclear lifetime and the relaxation factor 3/T%),
a damped cosine oscillation should occur according to
the second exponential in the equation for W,(¢).

3. External M agnetic Field and M agnetic Relaxation
Processes for Arbitrary Temperatures

We consider a simple example for the general case
sketched in Sec. V B 1. Because the results are now no
longer independent of the nuclear spin, it must be speci-
fied from the outset. We choose the simplest case and
take I=1 for the spin of the intermediate state. The
dimension of the particular unitary vector space is
N=2I+1=3. The matrix (4) introduced in Sec. V A
gets the following explicit form for the present example:

0
(e IM‘HMl Uw)

1U®) ,  (66)
(U p+i[ Liagn+M +M | U D)

It follows from (54) that, due to special structure of
(66), the first column does not contribute to the inverse
of submatrix (b) labeled by k=1, 2. Explicitly, we find

Go(p)=1/p,

Gi™(p)=—(G)a®M "1 /p, =12  (67)
i.e., Goo(f)=1, as required, and the even-odd term is of
no interest for y-y directional correlations. The remain-
ing (b) matrix consists of the diagonal square matrices,
already known from (59), and the two rectangular
matrices belonging to multipole orders k=1 and k=2.
Using (60) and (57), we find the following tridiagonal
matrix:

(p—ivaat-Nea 0 0 0 0 0 0 0 3
0 p—ivarthar O 0 0 Moy —il® 0 0
0 0 P+ 0 0 0 VI 5100 0
) 0 0 0  ptivatia 0 0 0 Mo ‘43l 1
0= 0 0 0 0 pt+ivast s 0 0 0 , (68)
0 M 1o — i 5,1 0 0 0 p—ivii+ 0 0
L 0 0 My 0 0 0 P+ 0
0 0 0 M1211+i]l/[12u O 0 0 P+iV11+)\11J
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partitioned in the indicated manner. Equation (68) is a simple example for the application of the partitioning tech-
nique (54) to calculate (6=1)se=[(4—BD~'C)~]ss. The result can be given the form

Gos14(p) = (b7)227= [ p+ivagt-Nog— (M 1004l 5199 { p+iv1gt-N1g) ~ (M 12994l 1299 1,

¢=0,+1,£2 I=1 (69)

which shows clearly how the low-temperature terms modify the high-temperature solution (59) or (61). For spins

I>1, the results are of a similar form.

For specializing (69) to the possible multipole orientations ¢, we have to keep in mind that vzo= M %= 0. This
ensures that G is real. The perturbation factors with |gmax| =2 are exactly those of the high-temperature solu-
tion, because Noi?2= N122=0 [see Eq. (68)7]. Therefore, G222*(f) can be taken from (61). The Laplace inverses of

PN

(70a)

G2 (p) =

(p4-N20) (p4210) — I %00 1, ’
p+ivnt+in

(70b)

G2 (p) =

are easily expressed in terms of the negative roots
La @18, (=1,2)] of the denominators. The time-
dependent perturbation factors are superpositions of
two exponentials:

(71a)
(71b)

G2200(t) = aoe"’“(l)‘~|— b()@_ao(”t ,
G2211(t) — ale_(al(l)+{ﬁl(l)) t+ b1€—(“‘(2)+iﬂl(2)) ¢

Equation (71a) has the form of the Dillenburg Maris?
solution for the particular PAC problem under con-
sideration. A detailed comparison of their statistical
theory with our approach will be given elsewhere. In
our theory, the effective relaxation constants and
modified frequencies (if present) may be expressed ex-
plicitly in terms of the electronic correlation functions.
The lengthy formulas will not be given here for all com-
ponents, but only for (71a). The negative roots of the
quadratic equation are (I=1)

010(1’2) = %()\10+)\20):‘:%[()\10—>\20)2+4M21°°M12°°]1/2
= 272]1111(0)1) [Zﬂ: (COSh%ﬁwz)_l:l
= (1/T1)[22= (cosh3Buwr)~].

In deriving Eq. (72a), we have used Eqgs. (26), (39a),
(48), and (63a). The temperature dependence of the
damping constants is determined partly by the correla-
tion function J11'l(wy), and, in addition, by a low-
temperature correction which follows directly from (26)
and is therefore independent of the particular interac-
tion model. The cofactors ao and bo are also temperature-
dependent and given by

ap=3%(cosh3Buwr+1),

In the high-temperature limit the second term drops
out and G®(HT)=exp(—3t/T1) as it should. At ex-
treme low temperatures we get a double root, )
=2/T, according to (72a), and therefore G22"(LT)
= (1—1/Ty) exp(—2t/Th), for I=1.

(72a)

bo=3%(1—coshiBwr). (72b)

(P +iV21+)\21) (P +iV11+)\11) - (leu"l—iﬂnu) (an—}—iMlz“)

VI. ANGULAR DISTRIBUTION FROM
ORIENTED NUCLEI RELAXATION
EFFECTS

The radiative detection of magnetic resonance?? in
oriented nuclei (NMR/ON) has opened a new experi-
mental method of measuring spin-lattice relaxation for
radioactive nuclei at low temperatures. It is, therefore,
worthwhile to discuss how the present theory may be
applied to this problem. The underlying physical model
makes our approach especially appropriate for spin-
lattice relaxation in metals, a field investigated inten-
sively by various groups.??

The basis of this section has already been given in the
Introduction [see Egs. (4)—(6)]. For practical reasons,
we discuss reorientation effects in parent nuclei. Al-
though it is now a well-established experimental fact
that the preparation of the initial conditions is of crucial
importance in the NMR/ON technique, we will not
plunge into the complexities of a theoretical description
of the preparation procedure. Let us assume that our
parent nucleus can be characterized by a particular
axially symmetric density matrix po({=0) at the end of
some preparation process. The time evolution of the
system of radioactive parent nuclei together with the
environment is again fully described by the evolution
operator Q7).

As in the PAC case, we determine the radiation pa-
rameters by comparison with the unperturbed case
(}=E. For a system with cylindrical symmetry, the
initial density matrix po(0) is fully defined by the Ro®
components of Fano’s statistical tensors (FS41b):

R®= 3% (=D)I=m(Iymo, [o—mq' | kg)

X {mol pol0) [ ) =(U P pu(0)). (73)

22 Hyperfine Structure and Nuclear Radiations, edited by E.
Matthias and D. A. Shirley (North-Holland Publishing Co.,
Amsterdam, 1968).
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We mention the following relations for quantities used
instead of Ro™® in the various standard articles''23;

Ry® =G, (I)@e Groot) = (2 [ 1) -1/2 B, (Blin-Stoyle)  (74)

The angular distribution (5), in standard notation, is
given by

Waxial(k; t)EW(o)t)
=3 UrFiPi(cost)(Us® | Q1) | Ui ©)Bu (0)

k. E

=3 UrFPr(cost)Bi(), (75)

with

Bi(9) =§ G (0)Bi (0), (76)

according to (35). The UF; depend on the decay scheme
of the particular nucleus. In the asymmetric case, Eq.
(76) has to be generalized to

R®(0)= 20 Grw ' ()R *(t=0). (7)
kg

In the case that only the directional distribution of the
v radiation emitted from the daughter nucleus is ob-
served, the sum in (75) contains only even k. Neverthe-
less, statistical tensors of odd rank contribute to the
associated Bi(t) according to (76).

We now show that the problem of reorientation effects
in ON studies is intimately related to the theory of
multipole relaxation. Schwegler*® has extensively
studied this problem, utilizing methods of irreversible
thermodynamics to take into account the dissipative
properties of the heat bath. The theory of multipole
relaxation has also been sketched in Fano’s version of
the Wangsness-Bloch theory.!¢

We base the following considerations on the physical
model described above. According to the remarks at
the end of Sec. II, the long-time behavior of the system
is governed by the differential equation

AR, /A1 =T | po(1)/ 0t
=% WO =i+~ T U )Ry @, (18)
qul

The perturbation factors obey the same differential
equation, subject to the initial condition G ¢ ({=0)
= drwrdqq- Lt then follows that

Gkquql(t)
=(U,® |exp[—i(L'+M)t—M ]| Uy ), (79)

which is, of course, just the inverse Laplace transform
of Q(p) defined in (29) [with M(p) replaced by N1].
In the case of cylindrical symmetry of the initial den-
sity matrix, only the Grw°’s are required in (76). In
this case, the imaginary part 3 drops out exactly. [Tt

23 R. J. Blin-Stoyle and M. A. Grace, in Encyclopedia of Physics,

edited by S. Fliigge (Springer-Verlag, Berlin, 1957), Vol. 42.
% H. Schwegler, Z. Physik 181, 22 (1964); 189, 163 (1966).
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is apparent from (51b) that 1 ;.°°=0 for all ,%".] Ex-
cept for the case that wrr,~~1, the energy renormaliza-
tion is negligible; therefore we cancel 7 in (79), even for
asymmetric situations.

Equations (78) and (79) may be rewritten in a form
which shows that the assembly of nuclear spins relaxes
asymptotically to the temperature of the lattice. This is
accomplished by using the fact that the real part of the
relaxation operator M applied to the equilibrium den-
sity matrix for the parent nuclei,

pof(3¢")=exp(—3C'/kT)/Tr exp(—3C'/kT),
where T is the lattice temperature, gives zero:
MpT(3¢")=0. (80)

Equation (80) implies the following relations between
the matrix elements of M in the state multipole
representation:

> (UPMU %) Uy ® ] po")
qul
=2 MRy *(eq)=0. (81)

kq

We also conclude that, for the special perturbation
matrix (79) (with M =0),

> (UP0|Ue @)Uy ® [ po”)
h =% G (DR (o) =Ry (eq). (32)
With 4
AR P ()= (U, |[oo(t) —ps"]),
the differential equation (78) now reads
dAR ,®
dat

(83)

=2 (UP| =il =M | Uy *)ARy* (84)
k'q’

and has the formal solution
AR ® ()= 3 (U |exp[ —(GL -+M)t]| Uy )
¥t
XARy®)(¢=0). (85)

For the axially symmetric case, the simpler equation

ABk(t) =Bi(f) ——Bk(eg) =z’: Gkkloo(l)ABkr(t=0)

=3 (Uo®|exp[ — GL'+I)i]| Us*?)
X[Bw(t=0)—Bi(eq)] (86)

holds. Substitution of Eq. (86) in (75) yields an expres-
sion for the time-dependent angular distribution, gen-
eralizing Shirley’s Eq. (10), which was used in a dis-
cussion of spin-lattice relaxation investigations by
NMR/ON techniques.?

2 D. A. Shirley, in Ref. 22, p. 843.
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It is well known, and apparent from Egs. (85) and
(86), that the angular distribution of radiation emitted
from oriented nuclei depends on the preparation of the
initial state and on the dynamic properties of the sur-
roundings. A discussion of the latter part has already
been given in the preceding section; the details will not
be repeated here. A few remarks might be in order with
respect to the case of a static magnetic field and relaxa-
tion processes of the magnetic type. It can be shown
quite generally that under these conditions Lmmagn
commutes with the axially symmetric relaxation opera-
tor M. Therefore, the Liouville operator Lmag drops
out of Eq. (86), and we are left with

ABi() =3 (Uo® | exp[ —IT1]| Us®)ABw (1=0). (87)
-

In the high-temperature approximation, where the off-
diagonal matrix elements of M may be neglected, we
already know from Egs. (60) and (61) that

For the interaction Hamiltonian (64), the damping con-
stants Az follow from (63) and (65b) to be

>\k0= ~k(k+ 1)’)’2.71111((.0[,) = k(k+ 1)/2T1

We notice that the relaxation rate is determined by a
multiple of the usual longitudinal spin-lattice relaxation
time 7'1. As mentioned above, this simple result is valid
only in the high-temperature limit and in the absence
of quadrupole interactions. To cover the entire tempera-
ture range, the procedure of Sec. VB 3 has to be used.
It is sometimes more convenient to diagonalize the re-
laxation matrix M to determine the relaxation con-
stants. [One of the eigenvalues is always zero—see
Eq. (67).] The solutions are similar to Eq. (72a), the
solution for I7=1. Numerical calculations for higher
spins and various initial conditions are in preparation.

(89)

VII. SUMMARY AND DISCUSSION

We have shown that the combined use of the Liouville
operator formalism and Fano’s expansion of operators
into an orthonormal set of multipole operators is also
a powerful tool for treating relaxation phenomena in
PAC or in experiments with oriented nuclei. An account
of the less familiar mathematical means has been added.

The perturbation factors have been given as the
multipole representation of a resolvent, which is defined
in terms of the Liouville operator for the static extra-
nuclear interactions and of a relaxation superoperator
(defined by the nucleus-bath interaction and the prop-
erties of the environment). Several examples have been
discussed: (i) randomly fluctuating fields (Abragam and
Pound? and Micha?); (ii) single crystals in static mag-
netic fields (external and/or caused by the lattice) with
relaxation processes of the magnetic type (the ‘“high-
temperature” condition wz/kT<K1 was assumed to be
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fulfilled); (iii) for nuclei with spin I'=1, extension of
case (2) to arbitrary temperatures; and (iv) the influence
of reorientation effects (relaxation processes) on the
angular distribution of radiation from oriented nuclei
(general discussion).

The following supplementary remarks are concerned
with some approximations made in the general part of
the theory and with the quantities entering the final
formulas. In Sec. IT we have used the relaxation opera-
tor IV, i.e., we have neglected the memory effects which
are contained in the generalized master equation (18).
The Markoffian equation of motion (18') resulting from
this approximation is valid only for times long com-
pared to the electronic correlation time 7,. Since, for
radioactive nuclei, the available time is the nuclear life-
time 7y, use of the limiting relaxation operator IV is
justified only when 7.&Kry. In a forthcoming paper we
will discuss the relaxation problem in PAC, including
the intermediate case r,~~7y. The restriction to second-
order correlation functions requires, rougly speaking,
that v2(Hu?)r7.2<<1, which can be seen from Eqs. (60)
and (63)—(65). Since the reciprocal nuclear spin-lattice
relaxation times are proportional to y*(Hni*)r7., the
criterion 7,&K T relax must be valid in addition to and
independently of 7,&ry. Conditions like wzr,K1 have
not been used in our theory, except in discussing special
situations, asin Sec. VB 1.

The second-order correlation functions Jxo%? (w) are
basic quantities for the particular physical model used
here and in related papers. Relaxation effects in NMR,
Mossbauer experiments, PAC, and NMR/ON may be,
and have been, described in terms of essentially the
same electronic correlation functions.

In general, we must not expect to be able to express
the damping constants appearing in the perturbation
factors in terms of the two spin-lattice relaxation times
used in the Bloch equations for the macroscopic mag-
netization. Relaxation times measured by conventional
NMR characterize the irreversible behavior of only the
dipole polarization, although, of course, higher-rank
statistical tensors are present for 7>%. In a directional
correlation experiment, for instance, we observe under
suitable conditions (at least in principle) damping con-
stants belonging to higher-rank multipolarizations, e.g.,
by looking at the perturbation factors G2?9(f) and
G1429(f). The same is true for relaxation processes ob-
served using the NMR/ON technique.

The general theory of multipole relaxation (formu-
lated briefly by Fano,!® in detail by Schwegler,?* and
within our approach in Sec. VI) yields an increasing
number of independent relaxation times for increasing
spin values. [For a system without any symmetry the
maximal number of independent relaxation times is
(2I4+1)2—1 according to Refs. 16 and 24. Even for
axial symmetry and /=1, we already get five independ-
ent damping constants.] It seems rather unlikely that
all of the possible relaxation times can be determined
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experimentally, especially for higher spins. Thus, in
practice, the problem will be to interpret consistently
the incomplete smaller set of experimental parameters.
Provided that the basic assumptions of the present
theory are suitable, the electronic correlation functions
J k%9 (w) may be used. Only in special cases, as in the
ones leading to (63") or to Eq. (89), the usual spin-
lattice relaxation times occur. There, the damping con-
stants are linear combinations of 7'y and 7'y with fixed
“geometrical factors,” which depend on the multipole
order £ and the multipole orientation g. That such a
simple result is not always valid is clear from the ex-
ample of Sec. V B 3 [see Eq. (72a)].
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APPENDIX
Liouville Representation

We collect here some properties of the quantum-
mechanical Liouville operator first used by Kubo,?¢ then
applied to problems of nonequilibrium statistical me-
chanics by Zwanzig!? and, subsequently, to line-shape
problems by various authors.*7:13:27 In the present paper
we make use of operator techniques described by Fano!®
and applied to the theory of multipole relaxation by
Schwegler.2* For the problem under consideration we are
mainly concerned with the special finite-dimensional
unitary vector space U of dimension N (spanned, e.g.,
by the standard representation {721} of a spin system
of angular momentum /) and linear operators acting on
state vectors of .

Let us assume for simplicity that the quantum num-
bers I and m specify the state uniquely. From the com-
plete orthonormal set of vectors {|Im)} in U we define
a set of operators {|Im)(Im'|} which may be con-
sidered elements of a unitary space £ (Liouville space)
with dimension V2. Following Sauermann,?® we denote
this orthornormal basis in £ by {|Im){Im'|} = {|ImIm’)}
or, if no confusion arises, simply by {|mm')}. Using this
“Dirac” notation for the basis operators | mm’) in £ and

26 R. Kubo, J. Phys. Soc. Japan 12, 570 (1957).

2 M. Blume, Phys. Rev. 174, 351 (1968).
28 G. Sauermann, Physica 32, 2017 (1966).
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the orthonormality and closure relations

ImIm' | ImiIms) = SmmyOmrmy » (Ala)

> | ImIm')(ImIm'| =E (unit operator in £), (Alb)

we find, in complete analogy to the usual rules of quan-
tum mechanics, for the decomposition of an operator

A&, considered as an element of the Liouville space
| 4),

|A)=3" |ImIm')(ImIm'|A)

mm’

=3 |ImIn'YIm|A|In'y, (A2a)

A= A|ImIm")(ImIm'|
=Y {Im|A|Im'Y*(ImIm'|. (A2D)

The advantage of this seemingly complicating notation
will soon become evident. To make calculations in the
Liouville space it is necessary to introduce superopera-
tors R, S, - - - (definitions to be given later), denoted by
a caret, which transform an ordinary operator A&U
into some B=RAEU. For the expansion of a super-
operator R we have (suppressing 7 in all subsequent
formulas)

R=3 3 |mm')(mm'|R|myms)(myms| .

mm’ mima

(A3)

The matrix elements of R are characterized by four in-
dices. A special example of such a tetradic is the well-
known Liouville operator L defined, for a given Hamil-
tonian 3¢, by

LA=[3¢,47, for arbitrary AEU (A4)
with matrix elements given by
(mm' | L| myms)
= (m|3C| m1)8mrmy— (M| 3| M Yopmy.  (AS)

The physical significance of this special superoperator
L becomes clear if we choose the eigenbasis, say,
{|a),|8),--}, of 3¢ four our matrix representation.
Equation (AS) may then be written as an eigenvalue
equation

Lla)o)=L|ab)=[E.—Esl|ab),  (AG)

i.e., the operator | abd) is an eigenoperator of L belonging
to the physically observable beat frequencies wap=7%""1
X (Eqo—Ey) as eigenvalues. We obtain a different eigen-
operator |ba), corresponding to wpe= —wqs, by Liouville
conjugation: |ba)=Cyr|ab) (with C;1=Cy), as pointed
out by Ben-Reuven.?

In addition to (A2a) and (A3), we mention the multi-
plication laws for a superoperator R with an ordinary

29 A. Ben-Reuven, Phys. Rev. 141, 38 (1966).
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operator 4 and for two superoperators R and S:
(mm' | RA)={(m|RA|m’")
=3 (mm | R|mams)(mi| A|ms), (AT)

(mm’ | RS |t -
= Z (mm’Ilelmz)(m1M2ISIMﬁ). (AS)

mimg

So far we have used a very special system of ortho-
normal basis operators. The generalization to other
complete sets of (not necessarily Hermitian) operators
is discussed by Fano'® and is based on the fact that the
linear operators 4, B, - --, in a unitary space U of di-
mension NV span another unitary space £ where a metric
can be introduced by defining a scalar product®®

(A4|B)=Tr{A*B} (spur metric). (A9)

As mentioned above, we use the notation | 4), | B), - - -,
to emphasize that these operators are considered to be
elements of £. Indeed, the Liouville space £ is a unitary
space, since it follows directly from (A9) that for arbi-
trary vectors |A4), |B), |C) and arbitrary complex
numbers a, 8 the properties

(4|B)*=(B[4), (A10)
(@A+BB|C)=a*(4|C)+B*(B|C),  (Al1)
(4] 4)>0 [if (4] 4)=0, then A=0] (A12)

hold. We notice that according to (A9) the special scalar
products (mm’| A) and (4 |mm’) are unambiguously as-
sociated to the ordinary matrix elements of the operator
A with respect to the basis {|m)}:

(mm'| A)="Tr{(|m)(m'|)*4}
. =Tr{|m')(m|A}=(m|A|m") (A13)
an

(A|mm")= (mm'| A)*
= (' | A+ my=(m| A|m')*. (A14)
We introduce superoperators R, S, -+, in &, so that
R|4)=|R4)
is defined for all A€, and
R|A)=|RA)EL or RAEU

for all AE€Al. They are linear operators if for arbitrary
complex numbers

R{|ad)+|BB)}=a|RA)+B|RB).

With the help of (A9) we define the adjoint R+ of the
superoperator R by the relation

(A|RB)=(R*A|B).
30 H, Primas, Helv. Phys. Acta 34, 331 (1961).

(A15)
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The adjoint of a product of superoperators is, according
to

(A|RSB)=(R+4|SB)
=(StR*A|B)=((RS)*4|B), (A16)
(RS)+= S+R+.

The Liouville operator L is Hermitian if 3¢ is Hermitian.
This follows immediately from (A15), which for arbi-
trary A leads to

L+ 4)=|[3cr,4]).

By (A15), Hermitian (R+=R) and unitary superopera-
tors (RtR=RR*=E) are defined.

Expansion in Multipole Operators

The theory of extranuclear perturbations on angular
correlations can be formulated within a finite-dimen-
sional unitary vector space; therefore, the mathe-
matical tools discussed above may be applied. The
dimension of U is determined by the spin I of the inter-
mediate nuclear state. It is reasonable to perform all
calculations in the same representation in which the
final expression for the angular correlation is usually
given. In the present paper we therefore use as an ap-
propriate set of basis operators the normalized spherical
tensor operators U,® which have the real matrix
elements

ImIm' | U, %)= Im| U, P |Im’)
I kR I
=(—1)I“m(2k+1)1/2( ,> . (A1)
—m q m

The index k takes all integral values up to k=21,
g is restricted to —k<¢g<-k. Including the nor-
malized unit operator U, =(2I41)"*/2-1, we have
N2=(2I+1)? different operators U ® in U.

To point out the connection with both the first sub-
section of this Appendix and the notation used by Fano,
we interpret the multipole operators as elements of the
Liouville space £, denoted by |U,®). Then the ortho-
normality relation reads

(U P l Ugpg®N)=Tr{UP*TUy* )} =g (A18)

and the completeness of the basis {| U,®)} in & is ex-
pressed by

> |UP)(UP|=E. (A19)
kg
The condition (A18) implies that
(Up® | U ®)=Tr{U,P}=0, fork,g#0. (A20)

The expansion theorem for an arbitrary operator A&U
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and a superoperator RESL is simply

[4)=2 |U,P)(UP|4), (A21)
R=3Y ¥ |UMP)UPIR|Ug @)Uy ®|. (A22)

kq K q’

Of special interest are the Liouville operators U,®
associated to the multipole operators by the definition
(A4). The commutator of two multipole superoperators
can be reduced to the known result for the commutator
of the associate U,®’s. This follows from

0,00, 4=[0,,[Uy,4]]
= [V, ™LA Up® 0,04,
[ﬁm(kl): ﬁqz(kz)] =2 quqzqsk1k2kaqu3<k3) , (A23)

k3q3

using the fact that [U,,U,%*7] itself can be ex-
panded into a sum of basis operators. The definition of

the expansion coefficients (structure constants) is given
by

Cayazas™?98 = (qu(ks)l f]ql(kl) [ U )
= (qu(ka) | [Uql(kl):qu(kZ):l)
=Tr{ U g U 3, %0,U %]}
= (___ 1)2I—f13{ (__ 1)k1+k2+k3_ 1}
XL 2k141) (k1) (2ks+1) ]2

kl kz ks kl kz k3
x| I( ). @

I I I g1 g2 —G3
The explicit expression for the structure constants in
terms of certain products of 3-7 and 6-j symbols has
been taken from Judd.’* In a sketch of the theory of
continuous groups Judd also mentions that the tensor
operators U,® (—k<q<k, 1<k<2I) can be regarded
as infinitesimal operators of the unimodular group in
2I+1 dimensions, SUzr.1. For this reason we also use

2 B. Judd, Operator Techniques in Atomic Spectroscopy
(McGraw-Hill Book Co., New York, 1963).
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the name “structure constants” for the expansion coeffi-
cients. With Racah’s definition of the adjoint spherical
tensor operator

U W= (—1)1U_® (A25)

and the properties of the trace, several symmetry rela-
tions can be established. For example, for fixed position
of the first pair of indices,

k1koks — Bikeks— (— E1kak
Ca10205"255= (F)0_g1—qa—as™3= (— 1) 0 g1450,"%*

= (F)(— 1) 96 gsg,"*  (A26)

or, for the permutation of the first two columns and
cyclic permutations of columns,

k1koks — kokiks
Cq19243 8= (F)Cqparas"*

— (— 1)t Troksk
=(=1D= Coa—gqz—qr 0 e

(A27)

When two signs are given, the upper one has to be taken.
The lower signs in parentheses apply when the ¢ coeffi-
cients are replaced by the d coefficients defined in Eq.
(58) of Sec. V. The structure constants play a central
role not only in the theory of continuous groups but also
in practical calculations utilizing the expansion in multi-
pole operators. For some special cases we have given the
explicit expressions for the ¢’s. R. Melhorn has written
a computer program to calculate (in both decimal and
prime factor notation) all structure constants important
in the theory of perturbed angular correlation and re-
lated problems. The transformation theory of vectors
in the Liouville space can be formulated in complete
analogy to the ordinary transformation theory of quan-
tum mechanics. Here, we mention only a special case.
The change between the state multipole representation
{|U,®)} and the standard representation {|ImIm’)}
follows from (A2a) and (A21) by substituting for the
arbitrary operator |A4) the tensor operator |U,®) or
the basis operator |ImIm’), respectively. This yields

[U®)=3 | ImIm')(ImIn'|U,®), (A28)
[ ImIm')=> |U®)(U P |ImIm'), (A29)

the elements of the transformation matrix being given
by (A17).



