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ABSTRACT

The dipolar broadening of the magnetic field sensed by an interstitial

impurity in a rigid lattice is calculated with the electric field gradient set

up by the impurity taken into account. This is shown to give a strong dependence

of the dipolar width on the applied magnetic field. The theory is especially

applicable to the line width of precessing muons in metals,
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‘The broadening, due to dipolar coupling, of magnetic resonance lines of nu-

éiéarfépins I'in solids was derived in 1948 by Van Vleck!) :

A(u _ —Yu th(I+1)Z (3 cos® 6 -1) | (1)

rG

for Ehéubfoadening due to like spiﬁs, and

Az 232 (3 cos? 6-1)2
Mol = 3YIY R*s(s+1) Z = (2)

for the broadening due ' to unlike spins, i.e. gyromagnetic ratios Y1 # Yg- The
equations are valid if the spins are subject to a static magnetic field B, = B,
' substantially larger than the dipolar fields, which are typically of the order of

1 G for nuclear spins in solids.

“In'Eq.(2), spin-flip terms of the type I S_ are absent, and it can be con-
sidered as the random sum of the dipolar fields from-all the spins S at the site

of spin I:

R 2 a4 .1y2
ABZ = hzs(su)z (G cos 6-1) (3)
Z S 6
where ABZ is the contribution from each spin S to the field along the external
field By, r is the vector from spin S to spin I, and 6 the angle between r and Bo.
In a single crystal the sum in Eq. (3) ﬁill depend on the orientation of the

crystal with respect to the external magnetic field Bo.

y If Eq. (3) is used to calculate the field distribution sensed by an inter—
stitial in a metal, e.g. a positive muon, certain care must be taken. The muon
acts as a charged impurity in the lattice and creates an electric field gradient
at the nearby host nuclei, If these nuclei possess a quadrupole moment, then the
magnetic field By is no longer a unique quantization axis. -In these circumétances

Eq4. (3)is no l@hgér valid, and the orientational dependence of the dipolar width

“ js''drastically changed. ~In this case the dipolar fields from the lattice nuclear

spins S'at’ the position of the interstitial spin I have to be calculated with the

spins S being subject to a combined electric and magnetic interaction.’

o The general behaviour of the nuclear spins S under the influence of a static
magnetic field By and an electric field gradient Vz’z" in general not parallel
with By, can be calculated by transforming the electric interaction to the co-
wordlnate system defined by Bo 2), The diagonalization of the resultant Hamil-
“tonlan matrix of order 2S+1 gives the energies Ek and eigenfunctions ¢k ZCmum

for the stationary states, where the basic functions um_represent the 2S5 +1
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m—states for spin S. Alternatively, the magnetic interaction can be transformed®) .
The components of the magnetic moment of spin S are obtained from the expectation

values of the spin operators, i.e, Mz = ysh.(wlsz|w) with ¥ = zk¢k'
a)Vle=O

Z

The basic functions u are also eigenfunctions, and the spin S will have a

static z-component in each of the 2S5+ 1 eigenstates:

(s) =m, %)

while the components in the xy-plane oscillate with the Larmor frequency:

<Sx> =2:c?ci’(mlsxlm')e_i/h(Em'-Em)t . . (5)

Oscillating components from Eq. (5) cannot influence spin I with its different
Larmor frequency, but the static'z-components of the magnetic moment give rise to

a dipolar field at the site of spin I:

_ 3 cos? 6-1
ABZ = Ysh<Sz)—j—— . (6)

By noting that

1
<sz>2 =5 s(s+D)

we obtain the random contribution from spin S:

) (3 cos? 6-1)2

AB; =
rﬁ

thz S(S+1

W]

. (7)

b) Vz'z' making an angle 6 with B,

We consider now the case where the electric field gradient Vz’z' created by
the interstitial is radially directed and axially symmetric. The stationary states
of the lattice nuclei S described by the eigenvectors 6k = z(ﬁﬁﬂn now have static

z—components given by

stat * : .
(505 " = )ciegmy s ®

but also static x-components

(Sx)itat =ZC: cj_(uilSX|uj) _ : (9
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due to the mixture of m states in each ‘eigenstate.. There will also be a number
of oscillating x~ and z-components containing exp[*i/h(Ek,-Ek)t]. The fluctuating
fields can be neglected as long ds they do not coincide with the Larmor frequency

of spin I, and we will have a resultant static contribution to the field:

A . ystat 3 cos® -1 stat 3 sin 8 cés 5]
AB = ysh(sz>k — * ygh (s, ), v s (10)

with (Sz)itat'énd (Sx)itat for each eigenstate given by Eqsﬁi(8) and (9), and the

x-axis chosen in the plane containing r and Bg.

RESULTS

The dipolar broadening at interstitial points in fcc and bece lattices have
been calculated as a function of the relative interaction strength y = wB/wE.
Wy is the Larmor frequency of the lattice nuclei determined by Ve = YgBys and wg
the electric interaction frequency given by Wy = (eQ/h){Vz,z,/[AS(ZS-1)]}. The
parameter b shown in Figs. 1 to 5 is the r.m.s. sum of the contributions in
Eq. (10) with ABZ = bzyéfﬁ/as, where a is the lattice constant. In general

about 70 lattice points around the interstitial were included.

The field gradient has been assumed to be radially directed from the inter-—
stitial and to decrease with r®. This choice is not critical as the major part
of the sums in Eq. (10) arises from the nearest neighbours. The scale has been
chosen such that the parameter y = wB/wE is the interaction strength at the dis-

tance r = a/2 from the interstitial site.

The derivation assumes that the frequencies of the oscillating components of
the dipolar fields are separated from the interstitial's Larmor frequency; in
the opposite case, certain resonance phenomena (spin flips) could occur. For
the case of muons in copper YU ~ 12 You? and the distance of the nearest neighbour
is r = a/2 (octahedral sites). The curves in Fig. 1 should then be valid for

>
wB/wE 2 0.5.

Figures 3 and 4 show the situation for bcc lattices. With the field B, along
the [100] or [110] direction, two inequivalent positions exist both in the
tetrahedral and octahedral sites. Of these positions, one kind is twice as common

as the other, and is indicated by II in the figures.

Figure 5 shows the dependence of the line broadening on the spin value S for
fce octahedral positions, [lllj—direction. The general shape of the dependence

“on wB/wE is seen to-be similar for the different spin values.
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The :line widths shown in Figs. 1 to 5 are what would be observed in a muon.
procession experiment at different fields B,, assuming that the muon creates -a .
radially directed electric field gradient. Strong effects from field gradients
created by impurities. (substitutional) have been seen by NMR methods in .copper -
and aluminium (4,5). In fact the presence of electrical field gradients explains
‘the experimental results on positive muon precession in copper, where different
crystal.orientations give almost equal line widths o = 2—lkyuAB at low fields
Bo.6’7), and where the line width dependence at higher.fields7) shows a.behayiqqr

very similar to the curves in Fig. 1.




REFERENCES

1) J.H. Van Vleck, Phys Rev. Zé} 1168 (1948)

TE D R v
P AT I iy PRSI SN

2) ’E Matthlas et al _.‘P'hys R_eﬁv,_._wlsz.S 261 (1961)

3):.i L Bogtrom, et al., Phys. Scripta 2)&653(1970)a='r:rwwtﬁh'vv~¥**

4) J. Stiles and D.L. Willfing, J. Phys. F'&, 2297 (1974) %~ %
5)  B.L. Jensen et al., J. Phys. F 2, 169 (1971). .
6) O. Hartmann et al., submitted to Phys. Letters.

7) M. Camani et al., submitted to Phys. Rev. Letters.

T FEPTE S Tt I SRR PRI I S A SOUS S P




Figure captions

Fig. 1 : Calculated line widths b in fcc lattice, octahedral sites, as a

function of the relative interaction strength wB/wE for different

orientations of the external field B,.

indicate b values in the limit of large wg.

Fig. 2 : Calculated line widths b as

sites.

Fig. 3 : Calculated line widths b as

sites.

Fig. 4 : Calculated line widths b as

sites.

Fig. 5 : Calculated line widths b as

éites, for different values
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