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Abstract

A general expression is derived for the (paramagnetic) shielding factor for a
nuclear spin embedded in a d-dimensional noninteracting electron gas and a
parabolic quantum dot. We find that for d = 2 the Knight shift has no intrinsic
magnetic field dependence and that for the quantum dot the shift is negligible
unless the nuclear spin is near the centre.

PACS numbers: 0530F, 2110H, 7110C, 7321L

1. Formulation

We shall assume that the interaction of an electron with anuclear spin, characterized by moment
7 NI aligned along an externally applied magnetic field H = Hki is, in all dimensions d > 2,
given by the Fermi contact Hamiltonian

167 - o
Hy = TMOMNI - 88(r) (1

where [ is the Bohr magneton, and S is the electron spin operator. We identify the Knight
shift with the paramagnetic shielding factor given by Das and Sondheimer [1] in terms of the
Helmholtz free energy F:
dF
Hduy

@

un=0
At temperature zero, the free energy can be expressed in terms of the chemical potential
¢, particle density n and partition function Z by

1 c+ioo Z(S) s
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271 Jotieo S
Z(s) = Tr{e™ Hortt+rinsy 3)
o= L (5 CA)
0= 2m* p_} c
H, =2uoH - S

0305-4470/01/265425+03$30.00 © 2001 IOP Publishing Ltd  Printed in the UK 5425


http://stacks.iop.org/ja/34/5425

5426 M L Glasser

We shall ignore the effect of wy on ¢. Then, to linear order in uy, the relevant term in
the free energy, after performing the spin trace, and inverse Laplace transform, is

8 .
Fy = ?”uo/m Te[8(F) X 11 (€ — Ho)] )

where X, is the characteristic function of the interval [—a, a]. By carrying out the trace over
the eigenstates ¥, (¥), E,; of Hy, we obtain

i€ — E
=—u02|m(0)| ‘”“ 23 5)

In the zero-field limit, this gives

16
—u Z V()28 — Ey) ©)

from which we easily recover the Towne—Herring—Knight formula [2] oy =

@7/3)x, (1Y O)) .

Continuing in this vein, and noting that
X.(2) /”io" sinh(as) ,, ds
i e

a c—ioco as 2mi
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we arrive at our basic formula
167 +oo sinh(uo H's) s
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2. d-dimensional electron gas

For a d-dimensional (d > 2) electron gas, generalizing Sondheimer and Wilson’s
calculation [3], we have

x \d/2 *
Hs
W(0,0,5) = () LT ©)
2nh sinh(uoH's)
Hence, in terms of the effective mass ratio « = m*/m, we have

@ _ 16w m* \¥? e ginh(uoHs) €5 ds
o = 282 (2 e (10)

3 27h c—ico SINh(ugHs) s/ 27

For d = 2 it is assumed that the field is normal to the plane of the system. We see that if the
mass ratio is unity, o has no field dependence other than that introduced through the chemical
potential. For non-integer mass ratio, the Landau level structure is evident in the step-like
behaviour of o given below. Thus,

167 2( m >d/2 S
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For non-integer o and d > 2,
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where z = ¢ /uiH and the d /2 — 1 powers are understood to be 0 if the argument is negative.
The corresponding expression for d = 2 is

o _ lom m* /&

o' = —uja| — nO+a—-2n+1)02n+1—z—«

3 Mo (Znhz) ;[( )O( )
—OGZz—a-2n+1)OQ2n+1—z+a)l. (13)

For moderate to high fields, we have the alternative representation

327 m* \? (urH)2=1 & (= 1)k d
) — 2 0 . .
o = T,uoa <27th2> p—y ,;:1 n sin(kmra) sin |:<kz — Z) ni| . (14)

3. Parabolic quantum dot

An electron gas in a spherical well having radius R, will be subject to the harmonic potential

V() = %m*a)(z)(r2 +7%) (15)

where wy = Rl 2 In terms of the parameters w, = 2uoH and Q = | /a)é + w2, we have [4]

oV om*

m*wy 12/ m*Q
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Here, ry and z are the cylindrical coordinates of the nuclear spin site and the magnetic field
is along the z-axis. In the zero-field limit (8) becomes

3/2 H
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In the case that the dot radius greatly exceeds the Fermi wavelength, this results in

32w L m* N, e
e 7 <0 18
3 Ko <27T712> { ( )

showing that the paramagnetic shift decreases dramatically away from the centre of the dot.

o0(z0) =
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