ki SYMMETRIZED MULTIPULSE

(1965).

8¢, P, Slichter, Principles of Magnetic Resonance
(Harper and Row, New York, 1963).

p  Mansfield, Phys. Rev. 151, 199 (1966).

20y, Haeberlen, J. D. Ellett, and J. S. Waugh, J.
Chem. Phys. 55, 53 (1971).

214, Abragam, The Principles of Nuclear Magnetism
(Clarendon, Oxford, 1961).

22H, Goldstein, Classical Mechanics (Addison-Wesley
Reading, Mass., 1956), p. 109.

2N. Bloembergen and T. J. Rowland, Acta Met. 1,
731 (1953).

%N, Bloembergen and T. J. Rowland, Phys. Rev. 97,
1679 (1955).

%E, R. Andrew and V. T, Wynn, Proc. Roy. Soc.
(London) A291, 257 (1966).

%H, Kessemeier and R, E. Norberg, Phys. Rev. 155,
321 (1967).

2TM. G. Gibby, A. Pines, W, -K, Rhim, and J. S.
Waugh, J. Chem. Phys. 56, 991 (1972).

%Computer simulation studies of the phase wiggles on-
resonance (see Sec. VI) in a spin system broadened
solely by a symmetric distribution of resonance frequen-
cies indicate deviation from simple cosine dependence
for small ¢ in a similar way to that observed in ZngP,.
The graph of average modulation angular frequency,
calculated from the first and second zero crossing, ver-
sus ¢/27 intersects the line w=¢/27 at about 0. 60q,
where a is the half-width of the inhomogeneous distribu-

NMR EXPERIMENTS IN. .. 105

tion. Thus it seems that our previous experiments were
indeed measuring essentially the width of the inhomoge-~
neous distribution, that is to say, the anisotropy.

N, F. Ramsey, Phys. Rev. 77, 567 (1950); 78, 699
(1950).

A, Saika and C. P. Slichter, J. Chem. Phys. 22, 26
(1954).

3'M. Karplus and T. P. Das, J. Chem. Phys. 34, 1683
(1961).

82C. J. Jameson and H. S. Gutowsky, J. Chem. Phys.
40, 1714 (1964).

33, H. Letcher and J. R. Van Wazer, J. Chem. Phys.
44, 815 (1966); 45, 2916 (1966); 45, 2926 (1966).

340, A. Coulson, Valence (Clarendon, Oxford, 1953),
p. 132.

%W, J. Moore, Physical Chemistry (Longmans Green,
London, 1966), p. 546.

M. von Stackelberg and R. Paulus, Z. Physik Chem.
28B, 427 (1935).

SR, W. G. Wyckoff, Crystal Structures (Interscience,
New York, 1964), Vol. VII, p. 33.

38See also D. Purdela, J. Mag. Res. 5, 23 (1971).

89T, Baines and P. Mansfield (unpublished).

OF. M. Lurie and C. P. Slichter, Phys. Rev. 133,
A1108 (1964).

4p. M. Ginsberg and M. J. Melchner, Rev. Sci.
Instr, 41, 122 (1970).

2p, K. Grannell, P. Mansfield, M. J. Orchard, and
D. C. Stalker (unpublished).

PHYSICAL REVIEW B VOLUME 7, NUMBER 1 1 JANUARY 1973

Knight-Shift Anisotropy in Cubic Crystals" |

A. Rubens B, deCastroI and R. T. Schumacher

Depavtment of Physics, Carnegie-Mellon University, Pittsbuvgh, Pennsylvania 15213
(Received 21 July 1972)

A general calculation of the Knight shift in metals with spin-orbit interaction is presented.
For terms involving the electron-nuclear contact interaction the spin-orbit interaction was in-
cluded to second order and is shown to result in anisotropy of the Knight shift even in cubic
metals. Our formalism for electron-nuclear dipole interaction with spin-orbit coupling also
yields anisotropy in cubic metals and reduces in the tight-binding limit to the result previous-
ly obtained by Boon. Nuclear-magnetic-resonance measurements on single crystals of the
cubic metals lead and platinum have shown the anisotropy in our samples to be less than, re-

spectively, 3.4 and 1.5X 10~ of the isotropic shifts. The upper limit for lead is half the
anisotropy in lead reported by Schratter and Williams.

I. INTRODUCTION

The Knight shift is normally taken to be mag-
netic shielding of a nucleus in a metal by the sur-
rounding electronic magnetic moments and their
orbital currents. If AB is the internal field seen
by the nucleus, and the external field -]§0 is applied
in the z direction, then the Knight shift K is

K=AB,/B, .

In a (hypothetical) noncrystalline, isotro;_)_ic sub-
stance, the direction of the internal field ABis the
same as the direction of the applied field B;. In

a real metal the nature of the electronic wave func-
tions is determined by the periodic crystalline po-
tential; the orbital currents and, if there is spin-
orbit coupling, the spin direction are sensitive to
the nature of the crystal potential, and corsequent-
ly, in general, AB is not parallel to Eo. The con-
sequences are familiar in noncubic metals, where
the Knight shift has long been known to be aniso-
tropic. It is less obvious that the Knight shift can
be anisotropic in cubic metals as well. That it
can was first (to our knowledge) pointed out by
Boon,! who displayed a formula for the anisotropic
part of the shift due to the combined effects of
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spin-orbit coupling, which allows the spin to sense
the lattice symmetry, and the nucleus-electron
dipole-dipole interaction.

In this paper we investigate the problem theo-
retically in rather more general terms than Boon,
including the contact as well as the dipole-dipole
part of the nuclear-electron-spin interaction, and
derive a general formula for the Knight shift in the
presence of spin-orbit, dipole-dipole, and elec-
tron-nuclear contact interactions. We verify that
our expression involving the dipole-dipole part of
the electron-nuclear interaction reduces to Boon’s
in the tight-binding limit, and confirm the formula
derived phenomenologically by Weinert and Schu-
macher? for the anisotropy of the Knight shift from
the spin-orbit and contact interactions for non-
cubic metals. We have also conducted a careful
search for Knight-shift anisotropy in single crys-
tals of the heavy cubic nuclear-spin-i metals
lead and platinum. In both cases no anisotropy -
was observed, and an experimental upper limit of
Ko, < (3.4X10"K , for lead and K,, < (1.5X 10"k, ,
for platinum, The result for lead is in disagree-
ment with the recent experiment of Schratter and
Williams, 3

For readers who wish to grasp the essential
physical nature of the theoretical result without
contemplating the details of the calculations, we
conclude this introduction with a summary of the
theoretical calculation, Sec. II, from which it is
hoped the reader can perceive the origins of the
possible anisotropy. The normal derivation of the
Knight shift* passes fairly rapidly to the stage
where one can write the electron-nuclear interac-
tion between a nucleus and an electron in Bloch
state ¢,z, where % is the band index and k the elec-
tron wave vector, in terms of the direction cosines
A, (@=x,y,2) of the internal field AB produced by
the electrons at the nucleus:

- L \1/2
AB,:—gnpfva]x,< 2 xaxﬂcas(n,k)> [ 4,200 .
aB
(1.1)
The only aspect of (1. 1) that is unfamiliar from the
completely elementary treatment is the radical,
which is
- \1l/2
g(n, k) =(E FY We SN 0N k)) , (1.2)
(7]
the g factor for the Bloch electronic state y,;.

That G, a symmetric second-rank tensor, is im-
portant for our final results. It can be written

Gaﬂ(n,E)=5a5+ Aaﬂ(n,E)+"' ) (1- 3)

where Aaﬂ(n,E) is a symmetric second-rank tensor
which depends on the spin-orbit and orbit-field in-
teractions, and is very similar in form to the un-

familiar expression for the g shift in paramagnetic
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ions. The »th component of the field produced by
all the electrons is obtained from (1. 1) by summing
over the band index » and the wave vector E, after
introducing the thermal average via the Fermi

function f(e):
_8. 1R 2s~(df 2
58, ~4elB i B(L) | yul0)
nk € /E, (k)

>\ 1/
x<1+2 g Aaﬂ(n,k)> (1.4)
aB
The nuclear-spin Hamiltonian is
Ky = -“NErIr(Bv+ABr)
=—uy | B2, L2 [1+ K, (D], (1. 5)
where
> d
Ka®=$78 Z(E) 10502
nk \ @€ Jp (k)
w\1/2
x(1+Z) )\QABG&B(n,k)> (1.6)
aB

is the Knight shift, We have explicitly indicated
its dependence on the direction of the applied field
with direction cosines X, , A, and A, with respect
to the (arbitrary) coordinate system fixed in the
laboratory.

It remains to be seen that Kan(X) leads, even in
principle, to anisotropy in a cubic metal. To
show that it does, expand the radical so that (1. 6)
may be written

Kay(N) = A+ 27 Byg Ay Ag+ Ecam Aa Mg Ayeee
aB
(1.7
where
2
A‘sﬂli¢2<d€ e @ (O)I (1.8)

n

is the ordinary isotropic Knight shift,
0)|2a 4 (n, k)

B, m Z( >
3 He de En(%) (1.9)

is a term which vanishes in cubic symmetry since
Bys is a second-rank tensor, and

Capm=— 3T s Z; (%) o ‘ i (0) l “A s (n E)AW (n )
nk Ep(k)

(1.10)
is a fourth-rank tensor whose components do not
all vanish in cubic symmetry. Infact, three non-
vanishing components of C ,, are allowed, just
as in elasticity theory (for the same reasons, of
course): Cyyyx= C11, Cxxyr=Ciz, and Cyyxy=Cy,
where the subscripts refer now to the cubic axes.
In cubic symmetry, then, (1.7) reduces to



| =3

Ko (V) = (A+Cpp+ 2C,0) + M+ X4+ 1)

X(Cyy = Cra—2Cy) . (1.11)

The angular dependence in (1.11) is the expected
dependence in cubic symmetry based on lowest-
order Kubic harmonics. Higher-order terms in
the expansion of the square root would give tensors
of sixth, eighth, etc., rank, with angular depen-
dence given by higher-order Kubic harmonics.

Expressions for all of the above quantities will
be derived in Sec. II. However, to help the reader
fix in his mind the magnitudes of the quantities in-
volved, we note that the ordinary g shift 0g, de-
tected in conduction-electron spin resonance
(CESR), is [from (1.2) and (1.3)],

. Azz(n }?) )
E (k)

where the sum over » and kK provides in effect an
average of 6g(n,K) over the Fermi surface, the
CESR-measured quantity. The sum in (1.10) is
similar to the sum in (1. 8), the expression for the
isotropic shift, with the additional weighting pro-
portional to [8g(n, k). If one makes the guess
that the average over the Fermi surface of the
product of 13,:(0)12[6g(z, k) is similar in magni-
tude to the product of the averages of |,;(0)1% and
dgn, E), then we crudely estimate the amplitude
of the angular dependence, K,,, to be

K,, ~$A(6g)% . (1.12)

Hence the ratio of the anisotropic to the isotropic
Knight shift might well be (6g)%. The heaviest
metals for which dg has been observed are Cu and
Cs, for both of which 6g=~0,02. Hence we expect
the anisotropic shift to be about 10~* times the
isotropic shift. Although this number is somewhat
smaller than the upper limit that we were able to
place onK,, it does not seem apriori undetectable
since we also used metals with larger spin-orbit
coupling than Cu or Cs, namely, lead and plati-
num, and the estimate (1. 12) is very crude.

In Appendix B we rederive Boon’s result for the
anisotropy from the spin-orbit dipole-dipole mech-
anism. A crude estimate in the same spirit as
above of the size of the anisotropy leads to
K,,~107°K,, for a metal, such as lead and plati-
num, for which the conduction electrons at the
Fermi surface have substantial p character. The
reported result of Schratter and Williams® for lead
falls within the order of magnitude of these esti-
mates.

II. THEORY
A. Introduction

We intend to show that it is possible to write an
effective nuclear Hamiltonian in the form
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Sy =y 24 By I, +25 By Kyl
o oB

+24 BoByByKogynly++++ , (2.1)
aBrn
where B, are components of a static magnetic
field, the K’s are sets of quantities transforming
as tensors under certain restricted circumstances
to be discussed later, I, are (nuclear) spin oper-
ators, and u, =17 y7 is the nuclear magnetic mo-
ment. The coordinate system is arbitrary but
fixed in the laboratory.
For I=73 (the only case of interest for us), 3¢,
is a 2X2 matrix,

B = a, a,— iax
- . ’
Y \a,+1ia, -a,

and the eigenvalues are + E, with E? given by

E?=di+al+d’ 2.2)
and
a;= iy By+24B, Ko+ Z; B, ByB, K gyt -
o aBY

(2.3)
The K’s will be interpreted as contributions to
the various NMR shifts, and experimentally they
are found to be small, of order 1072 or less. Ne-
glecting all but the contributions linear in X, the
energies can be written

E=+uy|B| [1+ L(ZJ AN K o
Hy \a8

+ 22 Aaxﬁx,x,,me---)] . (2.9
aBrn
The terms in K5, Kopyn, -+ in (2.1) have the
significance of internal fields that add to the ap-
plied external field B. The fractional shift Kan(i)
in the Zeeman energy is

L (5o
B

Ky

Ky =

+ 2 Aoy, l§|2Ka57n T °> (2.5)
aBrn

and will in general be anisotropic. The quantities
Kug, Ky, ... do not transform as tensors under
rotations of the crystalline frame with respect to
the magnetic field _]§, but it will be shown that
K.(X) is expressible, to zevo ovder in |BI, in
terms of the direction cosines 2, of B and certain
tensors of even rank:

Free
(2.6)
The symmetry properties of B,; and C,g,, can

Kaup(R)=A+20 0 0B os+ 20 \a2 2, Coppm
aB aBm



108 A. R. B. deCASTRO AND R. T. SCHUMACHER

be studied by using the law for transformation of
tensors under change of coordinate axes and the
following formal relations,® valid for any operation
R belonging to the symmetry group of the electronic
Hamiltonian:

—
Bde LR&&'RBB' BalBI )
o B!

24 RyqrReg Ryt Ry Corgryrae

a’pyin’

Capm= 2.7
These relations show, for example, that in cubic
symmetry B,;=b0,5 while there are only three
independent coefficients C g, .

B. Derivation of ¥ in Independent-Electron Approximation

The Hamiltonian for a system of independent
electrons interacting with just one nuclear spin can
be written

ey =205 + iy 20 Bol o+ uy2aDoly , (2.8)
i % o

where j runs over the electrons, 3¢¢{), is the Ham-
iltonian for the jth electron (including spin-orbit
coupling and interactions with an applied magnetic
field B), I, are (nuclear) spin operators, iy is the
nuclear magnetic moment, and D, are the com-
ponents of an “internal field” operator originating
in the “contact” and dipolar interactions between
nuclear and electronic spins.. They are given by

p.-2(s o+ iu Doty , (2.9)
i 8

m‘(“{) = [3 1,0?) ’Véj)- 5&8(7’“))2]/(7’(“)5 . (2‘ 10)
. Here r is the vector joining the nucleus to the jth
electron, and o, are the Pauli matrices.

The two last terms in (2. 8) lead to a correction
in the energy levels of the electronic system of
order EZ,/Er, where Ey, and E, are the hyperfine
and Fermi energies, respectively. It is an excel-
lent approximation to consider the nuclear system
as “driven” by the electronic motions. Thus we
compute the expectation value of the hyperfine cou-
pling terms in the eigenstates of 1, ... and take
the thermal average. For a system of fermions
the result is given in terms of the Fermi function,
The effective nuclear Hamiltonian resulting from
the thermal averaging of the hyperfine coupling
terms is

Wy = inD By o * vl (Zj(qp |Da g0 s (sq,)) I,

(2.11)
where 3y 1o |90) = €,,19p), p is a spin index, and ¢
stands for any other indices required to specify
the state. f (€)= (e “"FF/*8T 1)1 ig the Fermi func-
tion.

(BN

The nature of the eigenstates lgp) and eigen-
values €,, for an electron subject to a uniform mag-
netic field B and a periodic electrostatic potential
has been investigated by many researchers. The
result emerging from the work of Kohn,® Blount,”"®
and Roth® on Bloch electrons in a magnetic field is
that both lgp) and €,, can be developed in power
series of |B|. It has been proved that those series
are convergent in the limit |1B|~0; it is found that
in practice even for moderately large values of 1B
they are useful. In particular, the splitting of the
Kramers degeneracy is described by a g-factor
tensor Gp (2, k) which has been reviewed by
Yafet, ! and more recently by de Graaf and Over-
hauser.!! The electronic energies to first order in
IB| are

N 172
€4 ‘:Eqiu’e .B }(EB )\a )\BGOlB (n) !)) s (2- 12)
[

where E, is complicated but does not depend on the
spin index p; T=Kk+ (e/h’c)K(ﬁ), A(R) is the vector
potential, and R is a lattice vector.

We will need the expansion of G, ¥) to first
order in spin-orbit coupling; an expression has
been given by Roth, !? valid for Ge and Si. We show
in Appendix A that it is possible to write for the
symmetric part Gyg of Gup»

G:IB: 60[3"' AOIB (n7 E) ’ (2. 13)

where 4, is first order in spin-orbit coupling.

Ignoring the delicate question of just where the
power-series expansions in |B| for Igp) and €,
converge, it is seen that the large parentheses in
(2. 11) enclose a power series in |B|. I this is
to be invariant under spatial rotations (applied to
both the magnetic field and the crystal), the form
given in (2. 1) is required. Furthermore, all K’s
with an odd number of indices will be missing, as
(2. 1) describes a reversible microscopic process,
and must therefore be invariant under the opera-
tion of time reversal. This concludes our justi-
fication for the structure of (2. 1).

We will now restrict ourselves to the calculation
of the contributions to Kan('i) independent of |B I,
which require knowledge of the contributions linear
in IB| to the thermal average of D,.

The quantity needed is

Z,, (gp |Dy |ap )f (€q,) . (2. 14)

From the definition (2. 9), D, is linear in the
spin operators 0, ; thus

2{ap |Dy |lap)=0 (2. 15)
P

as a consequence of the angular momentum opera-
tors being traceless, quite independently of the
detailed nature of lgp).
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Expanding f(€,,) about E,(k) and using (2. 15), we
obtain, to first order in |BI,

224ap |Dg |ap )f (€4p)

x (£) ue(§x,xncyn<nr>)llz(ii)E"( Lo @)

= |'1§|23<‘10 |Dg |ap)

de

This is already first order in |B|; so we can re-
place ¥ with k& and lgp) with |nkp), where we un-
derstand that |nkp)=1limlgp) as B-0.

The thermal average is now written in terms of
zero-order quantities only:

zp@p |D, |ap)f(eq) 2| B |§Ep<nip | D, |nkp)

x(i)ue(é)x,x,,c,,,(nﬁ)>m(;€f>Enm . (2.17)

Inserting (2. 17) in (2. 11) and comparing with
(2. 1), we get

D= T 6 (2 202,C 00 )"%(é%)m

x( wy (nkp | By nkp)

+%ﬂeﬂN(nEp|Z}0n§Rna InEp)) . (2.18)
n

We calculate the contributions to (2. 18) arising
from the dipolar electron-nucleus interactions in
Appendix B.

C. Calculation of Contribution of Contact Interaction to

Kan(X)
We take

IE)=I8(F) =47 p0(F) . (2.19)

It is not possible to proceed without separating
the spin and spatial degrees of freedom. Thus we
write

Horec I”EP>=E,,(IE) |nkp),
5 4o | DS )=€, |DS)
Hoteo=htect 50 - N,

¥ hiee=D%/2m + UT) ,

N= (7% 2mn%c3VUF)XD .

The index p specifies both » and E, and, of course,
| ps)=1p)Is), s being a spin index.

The state | nKkp) is given, to second order in
spin-orbit coupling N, by

(2. 20)

|nkp)=|pp) + 2 IP’S’>( (p's" 18 -Nipp) _
st

2(.0”4
prEp
+ 2
prstp?is?!
Pt ¥
with
Wppt = €5 — €4r , (2. 22)

Examining the second-order wave function, Eq.
(2. 21), we see that there is one term involving
(pp15-N Ipp). This vanishes because N, is Hermi-
tian for Bloch states, and purely imaginary. Thus
Ne,,,.— 0. Also, we observe that Ng , is diagonal
in k owing to the translational mvar1ance of N.t

The choice of spin states |p) is not completely
arbitrary. We defined Inﬁp) as limlgp) as B-0;
if B# 0, the spin is quantized along the field in the
absence of spin-orbit coupling, and thus (slo,|s)
=+, depending on whether s=4 or ¥. By using
0,0,=10, plus cyclic permutations, we.can express
the matrix element (#Kp|6(T)o, InKp) as

£ 2 |92(0) |2

£500€, 5o N Z} _Aﬁzxﬁh'(o)lpg(gzu Py (0)9 e (ONgyep
8 oot

(p's’ 13- N 1 pp) (pp15 - N Ipp)
4wy
ot <pls' Iaﬁ | p''st?y (P'S"la'ﬁu)p)
p’s") Ty . (2.21)
T
21 €,05€,, 00 ag . (2.23)

»*'88*
The result for

1
K“(X)= —E)\a MK yp
Ky a8
is

K@= A7ID() (B 17220 9 )"2

»
x(100@ 1%+ Z @ =25 wce,,.) , (2.24)
where Xjgg is given by

Kiger (P) = o E (4“’»'“’»")'1 [w5 (00, (O)N, Byoppe Y Blsp

- NB.PP' 710?‘ (O)ZPP”(O)NﬂpoQP
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+NBPPIN3'pIPII l!):n (0)1!),,(0)] o (2. 25)
The G-factor tensor is shown in Appendix A to
have the form

Gop(D)=04p+Bap(P)+Eqp (P)+ -+, (2. 26)

where 4,; is first order in spin-orbit coupling and
Z 4p is second order. Expanding the parenthesis
containing the g-factor tensor in 2, 24 to second
order in spin-orbit coupling, we obtain for Km(X)
the following result:

Ku()=A +aEB AgMgB g+ 2 XXMM Copyy s

aByn

A=3m “2?(%)% (I%(O) |2+§ :KBB(p)) )

af
-8 2 —
Baﬂ 3 “e?(dE (2 27)

X{=5Cog (£)+ 3 [5(0) [[Ans(D) + Eqg (£) ]},

sruen (4
Carrn =712 )Ep [95(0) [*80s(£)4,, () .

The discussion up to now has been for an arbi-
trary frame XYZ. Now we choose for XYZ the set
of principal axes for the surfaces U(T)=const. In
cubic symmetry B,z=b0,5 and does not contribute
an anisotropy. C,z,,, on the other hand, has many
vanishing elements, the ones that do not vanish
being of form C 444 OF Cpyass), Where by P(aapp)
we mean any of the six permutations of the four in-
dices aaBB. Since Ayg is symmetric, Cyy=Cypue
:CaBBa=CBaaB=CBaBa’ and Cy,=Cpup5=Cppga-
Thus the 81 terms in the sum Jy5,, Ae2a 002, Copyy
reduce to

Cii(Ak + 07 +25) +2(C 15+ 2C4) A% A3 +A2A% +A222) ,

where Cy;=Cgqqq and

C Ka(N)=e@+e@0i a0l , (2.28)
with
a®=47u20(2L) 5012,
» VA€ /g,
(2.29)

P =0y ~C13-2Cy .

Again, the superscript indicates the order in spin-
orbit coupling. The isotropic contribution to
K,,(X) is dominated by @, which is zero order in
I'\'I, and thus we omit the isotropic terms of higher
order. @'® is identical to the expression obtained
by Townes, Herring, and Knight.'®

If the symmetry is lower than cubic, there are
anisotropic terms to first order in spin-orbit cou-
pling. Then we have, to lowest order in spin-orbit

SCHUMACHER 7
coupling,
Ko (V)= 8+ 20 xg 2 B, (2.30)
aB
where
d
®og=Fmpi2s (~—f—) 195(0) [2 845 (p) . (2.31)
» de Ep

The simplest case is that of tetragonal symmetry;
one can show using (2.7) that . ixyxy =®yy, B.z=0 for
a# B, if Z is chosen as the axis of maximum sym-
metry,

K,.(X) can be written as

Ka.n 6:) =_38‘7T“§Z<gz(nﬁ) , ank(o) | 2>Ferm1 Surface p(EF) ’

- (2.32)
where g;(n, k) is given by

g7 (nK)=1+ 3[0Z +2%) Agy (1K) + 2285, (K] .

(2.33)
Expression (2. 32) was first given by Weinert and
Schumacher,? who pointed out, in connection with
their work on the anisotropic Knight shift in Hg,
that the contact interaction should contribute an
anisotropy via the anisotropic g-factor tensor, The
effect in noncubic metals is first order in spin-
orbit coupling because the g factor is isotropic re-
gardless of crystal symmetry if the spatial and
spin degrees of freedom for the electrons are sep-
arable,

III. EXPERIMENT
A. Samples

a. Lead. All lead samples were spark cut
from an approximately cylindrical single crystal
obtained from Research Crystals, Richmond, Va.
The quoted purity was 99.999%. All samples were
cut to cylindrical shape, § in. long, % in. in di-
ameter, with the cylindrical axis along the crys-
talline [100] direction. Orientation was accom-
plished by etching and observing flash planes.
Three samples were used, The first was cut and
wound with sample coil wire several years ago for
preliminary investigations. Knight-shift and line-
width data were taken on it, Sample 2 was pre-
pared in order to study the effect on linewidth of
working with a freshly cleaned and etched surface.
Since the angular anisotropy of the linewidth
seemed not to be quite identical to sample 1, a-
third sample was prepared by “peeling off” the
outer shell of sample 1 with a hollow cylindrical
tool in the spark cutter. The new surface was
chemically polished and lacquered with two thin lay -
ers of GE 7031 low-temperature varnish before the
sample coil was wound on it.

b. Platinum. The platinum data were taken on
two samples, both approximately cylindrical in
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shape, 7 in. long, % in. in diameter. Sample 1
was oriented with the cylindrical axis along the
[110] direction. It had a resistivity ratio of about
200. The second sample was similar in shape and
size, but was not oriented. Its resistivity ratio
was 1000, and de Haas—van Alphen signals had
been observed in this sample. All Knight-shift data
were obtained with sample 1; sample 2 was in-
vestigated in the hopes of clarifying the cause of the
anomalously large linewidth observed in sample 1,

B. Measurements

All samples were tightly wound with approxi-
mately 150 turns of No. 38 enameled copper wire
which formed the inductance of the tank circuit of a
Robinson oscillator,
ple was measured by monitoring the NMR fre-
quency of Al?¥" in a reference sample consisting of
Epoxy mixed with aluminum powder machined to
the form of a hollow cylinder, and mounted co-
axially with the lead or platinum sample, The ref-
erence-sample tank coil was wound coaxially
around the outside of the reference sample and con-
nected to a second Robinson oscillator. Because
their frequencies were different by several mega-
hertz, the reference and sample Robinson oscilla-
tors were unaffected by each other as long as their
oscillation levels were comparable,

All data were taken at 1, 2°K in fields up to 18
kG provided by a Varian 3900 magnet. Field mod-
ulation and lock-in detection was used in the stan-
dard fashion, and signals were recorded either on
a strip chart or in a Fabritek 1072 signal averager
if extensive line-shape analysis was desired.

The initial value of the magnetic field just before
initiating the field sweep of the magnetic field was
measured with the reference Al?” NMR to +20 mG;
the frequency of the sample oscillator at the center
of the lead or platinum resonances was measured
with a precision of + 10 Hz and was reproducible
to +40 Hz from one field sweep to the next. The
linearity and reproducibility of the field sweep
was checked in separate experiments, A typical
field sweep took 5 min. A reasonable estimate
of our nonsystematic errors in determining the
sample line center is +50 mG.

C. Data Analysis

The principal object of the experiment may be
described to be a measurement of the first mo-
ment of the NMR line as a function of the angle be-
tween the magnetic field and the crystal axis, I
the line shape and the second moment are indepen-
dent of that angle, it is sufficient to record the
magnetic field at which some characteristic feature
of the line occurs. Such was the case for platinum
for which the line shape was observed always to be
of the form

The magnetic field at the sam-

4 (ax%ox"), 8.1)

dB
where x’ and x'’ are Lorentzian functions indepen-
dent of angle, as was the admixture fraction a/b
which is caused by the sample being large com-
pared to the skin depth.

In general, however, the linewidth and line shape
will not be independent of the crystal-magnetic-
field relative orientation; nor can one expect in a
high-purity sample at low temperatures that a/b
will be angularly independent, since that ratio de-
pends in real metals on the surface impedance,
which is not in general isotropic in high magnetic
fields. The problem, then, is to determine for
every field orientation the center of the line, i.e.,
the field for which x'(w)=0 and x'’(w) is maximum,
for unknown absorption line shape x" and unknown
ratio a/b. To do this the data in derivative form
were first integrated using the Fabritek internal,
“hard-wired” integration routine; they are then in
the form

D(w)=ax’ (w)+bx" (w) . (3.2)
Next we evaluate the integral
N et ’ ’
T(w)= = @f 2w )dw (3.3)
T e W —W

Since x and x'’ are the real and imaginary parts
of a complex susceptibility function x, they obey

the Kramers-Kronig dispersion relations, Con-
sequently,
7{w)=bx"(w) —ax""(w) . (3.4)

Since x’’ is symmetric and ¥’ antisymmetric about
the resonance frequency, we can integrate (3. 2)
and (3.4) to find

I D(w) dw
JT(w)dw *

In our experiments the Kramers-Kronig trans-
form of the integrated experimental data was done
by a Digital Equipment Corp, PDP-8I computer
attached to the signal averager, Figure 1 shows
(1) the integrated NMR signal for Pt, (2) the
Kramers-Kronig transform of (1), and (3) the
symmetric and antisymmetric parts of (1), Figure
2 shows the same quantities for lead. Both figures
represent a single sweep recorded in 512 channels
of the signal averager. The line center, as deter-
mined by the maximum of x'’ and/or the zero
crossing of X', could reproducibly be determined
to +1 channel (50 mG) by this procedure.

e
.

IV. RESULTS AND DISCUSSION

A. Knight Shifts

a. Lead. The isotropic Knight shift for lead
was measured to be K,,,=(1.1994+0, 0003)% at
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FIG. 1. (1) Integrated NMR signal for Pt. (2)
Kramers—Kronig transform of (1). (3) Symmetric and

antisymmetric parts of (1), Total sweep 35 G. FIG. 2. (1) Integrated NMR signal for Pb. (2)

Kramers—Kronig transform of (1). (3) Symmetric and

. ) antisymmetric parts of (1), Total sweep 25 G.
18 kG and 1,2°K, The implied accuracy of the

measurement is relative, not absolute, and the
numbers were obtained using the following con- The effective moment of A1¥" was corrected as-
stants: ' suming a 0. 16% Knight shift in Al metal, Figure
3 shows the measured Knight shift as a function
2 =0, 8899 kHz/G
(v/2)ey /G, of magnetic field orientation for 19 angles in the
(y/2m),, = 1.1094% (1 +0, 0016) kHz/G. (100) plane. The rms deviation of the 19 points
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K%
-4.0060—
—-4.0050 FIG. 4. Measured
]. I -‘- Knight shift in platinum
| T I as a function of mag-
— 1 l l l netic field orientation
in the (110) plane.
—4.0040
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from their mean is (4x10")%, or (3.4x10)K,,,,
which we quote as our result for an upper bound on
the anisotropic Knight shift:

Kun=(3.4x 107K, .

In addition, we computed the rms deviation of the
data from an angular function of the form expected
from (1.11) for cubic symmetry in the (100) plane:

K,,sin(46+¢) ,

where 0 is the angle between the field and a cubic
axis, and ¢ an angle which was varied to allow for
the possibility that our identification of the [100]
axis from flash planes and linewidth variation was
somehow in error, The minimum rms deviation
occurred for ¢ =0, K,,=0 and was, of course,
(8.4x10%K,,,, as above. Thus the data, which
to the eye might seem barely to reveal an anisot-
ropy, do not in fact conceal an anisotropy with the
correct angular dependence. If one takes K,,
=(7x10*)%, the value measured by Schratter and
Williams in the (100) plane, one finds a minimum
rms deviation of (5.4%x10™)% occurring when
¢=0. .

b. Platinum. The isotropic Knight shift was
measured to be K,,,= (4. 0046 +0, 0003)% by the
same method as described above for lead. The
magnetic resonance frequency for platinum was
assumed to be 0.9155 kHz/G. The rms deviation
of the Knight shift from isotropy in the (110) plane,
for 22 data points (Fig. 4), was 6x10®, which we
use to determine the following upper bound:

Koy =(1.4X107)K 4, .

180 ®

We note that our experimental determination of
the upper limit of the coefficient K,,=Cy; — Cyz
-2C, in Eq. (1.11) is comparable in magnitude to
our very crude guess about the possible size of the
effect in the Introduction, It is clear that a further
search requires the initial promise of at least an
order of magnitude greater stability of field and
electronics than is presently available in our lab-
oratory. The search should also check with a
variety of samples in case there is a sample-de-
pendent effect. Unstrained and undamaged sur-
faces of lead are difficult to obtain, and in both the
lead and platinum linewidth data (see below) there
are anomalies and evidence of sample dependences.
If we accept the present level of precision, our
results, if nothing else, rule out the anisotropic
Knight shift as a measurable contribution to the
measured width of powdered samples in lead.

B. Linewidths and Line Shapes

In both metals the lines were Lorentzian, at
least near the center. Signal-to-noise limitations
precluded effective investigation of the tails. The
lead results for full width at half-maximum as a
function of field orientation are shown in Fig. 5,
where the solid line is given by AB(6)=3.10(1
—-0.103cos40) G, where 6 is the angle between the
field and a [100] axis in the (100) plane. The rms
deviation of the data from the above expression is
0.15 G. The observed anisotropy is anomalously
small, If one assumes, as the Lorentz lines shape
leads one to assume, that the nuclei interact via
a very large isotropic exchange interaction, then
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the Anderson~Weiss model of exchange narrowing
yields

AB(6)=(1/9)M,(8) ,

where M, is the Van Vleck second moment and §
the isotropic exchange, If the angular dependence
were caused by pure dipole-dipole interactions,
in the (100) plane of an fcec crystal one would ex-
pect

AB(6)=ABy(1 —0.176 cos46) .

However, AB; would be about 200 mG, less than a
tenth of the observed width. If the principal an-
isotropic internuclear interaction is pseudo-di-
polar between nearest neighbors, AB(6)=AB,

X (1 -0,273 cos4). Both of these results show
considerably more anisotropy than we observe.

It should be noted that Schratter and Williams®
have also observed a linewidth anisotropy of 0,17
in lead (to be compared to our 0,103), a discrep-
ancy which lends support to speculation that our
results for the Knight-shift anisotropy might be
sample dependent. However, we did not take the
care to correct for possible modulation broadening
that Schratter and Williams took; so the differences
in the linewidth and its anisotropy may reflect
smaller sample dependences than the data seem

to show. .

The width of the Lorentz line that we mea-
sured in platinum was anomalous in several re-
spects: It was angularly independent, 3.4+0.3 G
broad (full width at half-maximum) at 18, 5 kG.
These results were sample independent. Walstedt
et al.** and Butterworth®® measured T, by pulse
techniques, and from their results we expect a
full width at half-maximum of 0.30+0,05 G. Other
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workers [Walstedt (private communication)] have
found anomalously broad platinum lines, but at
least in one case the extra width has been field de-
pendent, and extrapolates to the Walstedt-Butter-
worth value as B, approaches zero, Our measured
width was not only field independent, as mentioned
above, but also independent of the magnitude of

the modulation field (although modulation large
enough to broaden the line could be used), its fre-
quency (18-920 Hz), and the rf voltage (5-70 mV
peak to peak)at the input of the Robinson oscillator,
We have no explanation of this phenomenon, but we
do note that if a Pt single crystal could be found
with a high-field linewidth of 0.3 G, an order of
magnitude improvement in the upper limit of the
anisotropic Knight shift would immediately result.

V. CONCLUSIONS

We have investigated the angular dependence of
the Knight shift in cubic metals theoretically and
experimentally for lead and platinum. The theo-
retical investigation has shown that the Knight shift
is not isotropic in cubic metals if the calculation
involves the contact interaction and is second order
in the spin-orbit interaction, or if it is first order
in spin-orbit and involves the electron-nuclear
dipole interaction. In the latter case we have dem-
onstrated a formula (Appendix B) which reduces
to one previously found by Boon'! in the tight-bind -
ing limit. The magnitude of the anisotropy is in
any event not expected to be large. A very crude
estimate is 10-10"* times the isotropic Knight
shift, but no numerical calculation using our for-
mulas has been undertaken,

We have investigated the nuclear magnetic reso-
nance in single crystals of the spin-% heavy metals

FIG. 5. Full width
at half-maximum for
Pb as a function of
magnetic field orienta-
tion in the (100) plane.
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lead and platinum, and found the position of the
NMR line to be independent of angle to (3.4
x10™)K,,, for lead and (1.5x10™)K,,, for platinum,
Some anomalies in the linewidths in both metals
lead us to fear that existing anisotropy could be
obscured by crystal imperfections. In lead, par-
ticularly, the crystal surface is easily damaged.

If the local cubic symmetry for nuclei near the sur-
face were lifted by small, randomly oriented dis-
tortions, the normal first-order dipolar interaction
could produce small local anisotropy fields that
would not have to be large to obscure an effect as
small as 0.05% of the isotropic Knight shift, Ran-
domly oriented axial Knight shifts as small as, say,
0. 2% of the isotropic shift would not show up as a
troublesome, or even measurable, contribution to
the total linewidth (about 400 mG at 18 kG), the
origins of which are not well understood in any
event.® Axial shifts as large as 10% of the isotropic
shift are not uncommon in noncubic metals, It is
certainly possible that sample dependence is re-
sponsible for the difference between our experi-
mental results on lead and those of Schratter and
Williams,

Finally, we wish to emphasize that we have been
investigating anisotropies in the term of the Ham-
iltonian (2. 1) which is linear in B. Itis perhaps
worth pointing out that anisotropies originating in
terms of the third and higher order in B have al-
ready been implicitly, if not explicitly, observed
in the cubic metal aluminum, Khan ef ql.'® have
observed an oscillation in the magnitude of the
Knight shift which is periodic in 1/B, and which
originates in the fluctuations of the density of
states at the Fermi surface when the electron
mean free path is longer than the circumference
of the cyclotron orbit. Since the amplitude, phase,
and frequency (in 1/B) of these oscillations de-
pend on the orientation of the field, it is clear that
a reorientation of the field produces a different
shift, This anisotropy is strongly dependent on
field magnitude and sample purity and is quite
distinct from the anisotropy that we have been in-
vestigating, Its undeniable existence should help
comfort any who, in common with one of the au-
thors at one time, find anisotropy of the nuclear
shielding in cubic metals a difficult concept to ac-
cept.
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APPENDIX A: ELECTRONIC G-FACTOR TENSOR

Qur starting point will be the spin-dependent
part of the effective Hamiltonian obtained by
Blount” and Roth®; following Yafet,!? we define an
effective magnetic moment -ﬁ,mp,,, (E) given by

1

- -, m
B Mpnpp! (k) = Opnpp? (k) +

" Z—’ Vount oot ¢ X &t ot 1

p'in't#n

+ 2 vnnxfrnnnp' . (Al)

n

The matrix elements of ¢ and the velocity opera-
tor V= [F; ¥erec) are calculated Jetween two-com-
ponent Bloch states |nKp), and ¥, ,, (K) is defined
as [dT u;";p iVyUpiy , the volume integral extending
over a unit cell.,

Then, the electronic effective Hamiltonian de-
scribing the splitting of the Kramers degeneracy
is simply

}Celec: —_é * Kpnppt (E) (AZ)

and its eigenvalues are
s 172
€,=x8|B| (E Aars Gas, k) , (A3)
aB

where

Gas (n» E) = Mannuf(ﬁ)ﬂﬂnnvt(ﬁ) + Hannn(i{’)ﬂﬂnnn(i{.) .

(A4)

Use was made of the relation fa,=— o, . ° It is

obvious that only the symmetric part of G, k)
contributes to J o sGos(n, K). It can be written
conveniently as

%(GmB'*GBa)EGuB:%Z H annppr HBanp? o (A5)
po'

Now we use the first-order part of (2,19) to
evaluate Ga4(nk) to first order in spin-orbit cou-
pling, We obtain

m
+ 5 €any
nY

) Ne oo m
9 e +(___>E€aw
nr

Z Re(x:.ymuNgnu") 0
2w ok,

n''#n nn’

(A8)
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where
m\ s = -
Lp e =<—h—_)§ Vot X Eopepee

and £,,=0 owing to quenching.¥

It was assumed in the foregoing that ?.m =0, de
Graaf and Overhauser®! point out that the eigen-
values (A3) are phase dependent (although their
average over a cyclotron oribit is not) owing to the
transformation properties of ¥, (K).
present calculation, use is made of perturbation
theory to separate the spin and spatial degrees of
freedom of the Bloch states [nkp), it is ¥ ,,(K)
rather than % nnoe* (E) that appears in the results.
There is a choice of phases for the Bloch states
,2(r) which corresponds to minimum spread of
the localized Wannier states, which is equivalent
to the requirement ¥ - 'x' ,,,,(f{’) 0. If there is in-
version symmetry, then v ; ,,,,(k) 0 is also satis-
fied. Thus, it is possible to set ¥ ,,(K)=0 every-
where, provided that there are no degeneracies.®
We assume for simplicity that this is the case.

Taking for [x#K) a tight-binding function, it has
been shown!” that Lo (k)= = Loy (k) + (surface in-
tegrals), where now 7 = p>< r. Thus, if one takes
the limit of large distance between atoms, then

' Lo, Ny, + Laggr Ny
Gopla)= 6,5+ 2y ——0a'"Pa'a” ~Paa’_%'q
a'#a Waq?

. (A7)
where ¢ and ¢’ denote bound-state orbitals, All
other terms of (A6) vanish, since it can be easily
seen that both E,(K) and Ng,, (K)/w,» become in-
dependent of K if overlap integrals are negligible.

The result (A7) is the well-known ionic g-factor
tensor,

APPENDIX B: CALCULATION OF CONTRIBUTION OF
DIPOLAR INTERACTION TO K, (X) TO FIRST ORDER

IN SPIN-ORBIT COUPLING

This is the problem that Boon! solved. It is
shown here that (2. 1) leads to the same results as
Boon’s and, in addition, the explicit angular de-
pendence of K, is obtained, as well as expressions
for all the coefficients which do not vanish in cubic
symmetry,

The contribution of the dipolar coupling to the
internal field Ys2.K;, is, according to (2.18),

- \1/2
2 ERBKBG= Z(i)l.ti U-N(Z; Aot AB’ GQ,:B: (nk)>
B nkp alp’

. ) .
) (PF8 1 Z e s
R o= (37,74 =0, 7)/7° . (B2)

The matrix element gives, using the first-order
part of y,z,(r) defined in (2. 21),

<nkp lznlo'n nal nkp)

If, as in the

[BN]

=(pp | L0, %5 | pp) + 20 (Rawpy)™
n b’sfp
x{pp | ? 0sNg | p's"Y(p'A"| 20 0, R | p0)

+(pp|2i 0, Roa|p's Y (p"s’ \BE%NB [po)
n

or (83

(nkp| 2 0, R, 4| nkp)

—xe R

napp i:iZ/ €8q Ay
Brn

% Z Nﬂeel ER,, aptpy mna22lNBe:E . (B4)

¥y 2wy
The plus sign goes with p=1, the minus sign with
p=2,
Inserting (B4) in (B1) and expanding the square
root to first order in N using (A6), we get

E g Ko = uuuﬁz (dE ) (1 +%§ A pru(p))

X (E My Rnapy +5 20 €0 )y
n By n

XE NBype notplp"'mﬂuegl NB)JI, (B5)
p#Ep 2wpp ’

giving, for
- 1
KM(X)': E Au)\BKaB ’
3%
Koa (V)= Z Aoty (2 + WD)+ > a Asr A TR
aBrn
QY =% < ) Renyy
Ep
ay_
Wan = Z/ (d( )Epzsz; %)

x—Nappt Rnagp = Rnapp Noyp

2 Wppr

(1)

Toprm =§M§Z ( ) Pm“%p Ay, () . (B8)

A,4(p) is defined in (A6).
We now discuss the tensors Q'%, W<, and
T{,,. Boon defines a function

= ay (df T
FD=uZ (g5), |60, (87)
in terms of which the tensor Q% takes the form

aa™ j%;:li F(r)(3 Cosaea -1),
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F(7)3 sin®) cos¢ sing ,

a2

3
Qey=Qyz= J'_d;{— F(7)3 sing cosh sing , (B8)

= Qyz j ——3-— F(7)3 sinf cosf cose .

Here 6, is the angle between r and the ath axis;
0 and ¢ are just the polar angles of r. Equations
(B8) can be rewritten in terms of Legendre poly-
nomials; the X’s can be written in terms of the
polar angles ® and & of B. Considering that,
owing to the relation 3 ,co0s%,=1, TrQ=0, one
finds, to zeroth order in N,

an(x) Z A ABQ @

=A Pg (cos®) + B, Pi(cos®) sin®d
+ B, P¥(c0s®) sin2® + C, Py(cos®) cos®
+Cy P¥(cos®) cos2® + D,
(B9)
where

D=TrQ=0,

A sz_zj
d3y

Bl: - %(Qyz+sz)= ""g_j_'a‘_

v

F(7) P)(cos®) ,

F(7) P3(cosh) sing ,

(B10)

3
Ci1= - 5(Qu+ Q) = —5 ia— F(7) P}(cosé)cos¢ ,
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By= 5(Quy+ Q) =% j F(7) P¥(cos6) sin2¢ ,

Co=%(Qux — Qyy) = % I%gﬁ F(#) Pi(cos6) cos2¢ .

Expressions (B9) and (B10) agree with Boon’s
equations (11a)and (11b) if his equations are rewritten
in terms of normalized Legendre polynomials,

This discussion was independent of the choice of
a particular coordinate frame and crystal sym-
metry, We now specialize by considering only
cubic symmetry and choosing as coordinate axes
the set of principal axes of the equipotential sur-
faces U(r)=const. Going back to expressions (B6),
we have @,5=0 for a# 3 and Qxx=Qyy=Qzz, Which,

combined with the traceless property of Q,z, gives
Qo5 =0 for all o, . Also

TXXXX - TYYYY - TZZZZ = T

(B11)
Texxyr)=Tpryzz) = Trzzxx) s
and
20 Na g M Ay Tagpn= (T =T) (N + 25 +25) + T,
abrn
where

7':%: Tpxxry) »

Although it is not immediately apparent, W,; can
also be shown to vanish in cubic symmetry. Thus
the only contribution to (B6) comes from the terms
involving 7, and is in general anisotropic, with

an angular dependence identical to (2, 28).

By choosing B along Z, (B6) gives for arbitrary symmetry

3 -
Kan=Qzz+Wzz+T322z = %31"[ 22-/( f)p|¢'p(r)|2](3coszﬂ—l)

+Id37[22_,( ) | gy () |2 —zer Lzeet S ley, ](3c0829—1)

1,5

€ — €y

73 de

. j ddr [“32 ( daf )E (iNxppe) (3y2) — (iN¥ ppr ) (3 x2)
4

€ — €pe

e (pr(i’)]

+(terms which vanish in limit of large distance between atoms), (B12)

which can also be written -
J—s— [FZZ(T)P (cosg) +0x(7)

x P} (cosf) sing — Oy (7) P} (cosg) cosg ] ,
(B13)

[
with
Fzz(r) ;,LeZ/ df)Ep

x(2+2 Nzp '3%'»*‘32&'1"&'») | 4,(@) |2
o € — &y
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-, d IN oyt - -
0,()= e B (H) Her )y,
2 L \d€ JE, €,-¢€u
(B14)

Equations (B13) and (B14) reduce to Boon’s equa-
tions (A4)-(A6) in the tight-binding limit when
£appl - Lapp' . 17

To estimate the magnitude of the dipolar effect
in cubic symmetry from typical experimental mag-
nitudes in metals, we proceed in the spirit of the
Introduction to replace the average of products by
the product of averages, Thus the expression for

T in (B6) is in effect the average of the dipolar in-
teraction weighted by the g shift for an electron
with wave vector p. In noncubic metals, where
the dipolar term does not vanish because of sym-
metry, anisotropic shifts as large as 10% of the
isotropic shift have been observed. Thus in the
spirit of the estimate in the Introduction,

[T < (Kun)(6g)~ 0. 1K,,,(8g)~ 10K, .. This result,
in common with the estimate is Sec, I, must be
regarded as anupper limit, The anisotropy van-
ishes, for example, if A,.(p) is independent of p.
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