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LETTER TO THE EDITOR 

Longitudinal field muon spin relaxation: a new probe of 
two-dimensional electron systems 

C Zhangt and P C E Stamp$ 
t TRIUMF, 4004 Wesbrook Mall, Vancouver, BC V6T 2A3, Canada 
$ Physics Department, University of British Columbia, 6224 Agricultural Road, Van- 
couver, BC V6T 2A6, Canada 

Abstract. It is shown that longitudinal field muon spin relaxation may be used 
to probe the local charge density correlations in two-dimensional systems and het- 
erostructures. Magnetic quantum oscillations in the local density of extended states 
show up in the relaxation time 2'1. This method should reveal the variation of elec- 
tronic parameters within the sample. 

Muons are a well known and valuable probe of their local environment, and are com- 
monly used as such in solid state physics [l]. Typically the muon is trapped on some 
(set of) sites in the solid, and the way in which the muon spin relaxes is a sensitive 
probe of the magnetic field arising in the immediate vicinity of the muon. 

Rather less understood but equally interesting is the way in which muons may 
diffuse within the solid. This motion is governed by the coupling of the muon to  the 
low energy excitations in the system, and observation of it allows experimental testing 
of some rather fundamental theoretical work on quantum diffusion [2-41. 

In this letter we show that the physics of this second phenomenon may be used 
to  explore the local properties of two-dimensional films and heterostructures. Such 
measurements are rather rare-in fact the only such local probe so far employed (to our 
knowledge) in two-dimensional systems has been nuclear magnetic resonance (NMR) 
in a recent experiment by Berg e t  a1 [5], whose results were in remarkable agreement 
with the theoretical predictions of Vagner and Maniv [6]. These experiments probed 
the local electron spin correlations in a GaAs heterostructure. 

Our idea is that  longitudinal field muon spin relaxation ( L F - ~ S R )  experiments 
be attempted on similar heterostructures, and that these will reveal the local charge 
correlations in the system. They will also allow a rather interesting variation (through 
the varying longitudinal field) of the dimensionless coupling parameter K between the 
muons and the background electrons; this parameter controls the muon diffusion rate. 

Now in a typical LF-pSR experiment, one measures the decaying positron time 
spectrum of individual muons, which as a function of time and angle has the form [l] 

N ( 8 , t )  = N,,exp(-t/r,)[l+ AG,(t)cos8] (1) 

where T~ is the muon life time (2.2 p), A is the asymmetry parameter and the 
relaxation function G, ( t )  has been discussed by various authors in different limiting 
cmes [7-lo]. In this letter we shall be interested in the limit described by the random 
fluctuating field approximation [8], which essentially involves two parameters Y and 5 .  
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The hopping rate v is the inverse of the correlation time rc describing the fluctuating 
random field, and m z S 2 / e 2  = (H:) = ( H i )  = (H,") is the second moment of the 
random fields. We also assume that the coupling between the electrons and the muon 
is sufficiently strong for the so-called 'strong collision' model to  be valid [9] ,  in which 
case G, ( t )  (corresponding to  T~ ---$ CO) in (1) is replaced by a function g2 (v, t )  defined 
by 

where C (C-l) is the Laplace (inverse Laplace) transformation. In the classical mo- 
tional narrowing limit, 6 << v, g,(v,t) becomes exponential [lo] 

where rc = v-',  and in this case the LF-pSR rate is 

q - 1  = ( 2 6 2 r c ) / ( 1  +U;.,"). (4) 

Here, w o  = eB,,,/m, is the muon Larmor frequency. It is the quantity v we shall 
now examine, and this is derived from experiment via (4). For three-dimensional 
systems, considerable theoretical effort has been spent to show that v - J2TZK-' , 
where J is a renormalized muon 'bandwidth' (it actually refers to  the two-well level 
splitting for muons a t  adjacent sites in the system, and no coherent band motion is 
implied), and K is the renormalized dimensionless coupling between the muon and 
the electrons. Usually 0.1 5 IC < 0.5, and for such value of IC the assumption that 
muon hops between different sites are uncorrelated is reasonably good. If we make 
a similar assumption for a two-dimensional system (an assumption to  be readdressed 
below), then one finds a similar expression for the hopping rate [ll] 

2K-1 J,2 cos TI<( H ,  T )  T 
D r I C ( H , T )  (E) v ( H , T )  = -exp[-Fp(H,T)] (5) 

where D is an upper energy cutoff. This is similar to three dimensions, except that 
both the renormalization exp(-Fp) (renormalizing J,, to J )  and the dissipative cou- 
pling IC depend on the magnetic field-in the case of IC, very strongly so. This comes 
from Landau level quantization effects. Incorporating electron-electron interactions 
into the theory, one finds [ l l ,  121 

where €:(U) is the real part of the electronic dielectric function and w p ( q )  is the plasma 
frequency, whilst uq and uq are the muon-electron and electron-electron interactions. 
Evaluation of K leads to  rather complicated expressions, namely 



Letter t o  the Editor 9693 

where L: are associated Laguerre polynomials, f , (~ )  = [exp((c - p,,)/T) + 1]-', 
where pLQ is determined self-consistently for each spin sub-system [13], and G:,,(E) are 
the retarded/advanced (+/-) single particle Green functions. These spin dependent 
Green functions are strongly affected by electronic scattering off impurities or defects, 
and we evaluate them in the self-consistent Born approximation [14] , where 

1 
G:A4 = E - (n + 1/2)hw, - U g H  - E$(€) 

determine them self-consistently for given U and H .  We ignore, a t  this level of ap- 
proximation, the field variation of the impurity scattering time r ,  nor do we consider 
weak localization corrections to  K ( H , T )  in equation (7). Evaluation of the sum in 
(7) then gives 

l 2  sinh(2~r,/hw,) ... = 
nm 

C O S ~ ( ~ T I ' , / ~ W , )  - C O S ( ~ T ( E  - A,)/hw, - 7) 

where ii = E/w,, A, and r, is the real and imaginary part of the self energy; we 
msume that p >> A,, , r,. 

Now what is seen in an experiment will depend on whether the muon prefers to  
move in the metallic plane or between them; if it moves between them, then the muon- 
electron coupling IuYl2 in (7) will be replaced by liiYl2 = e-2gzJuy12, where z is the 
distance between the muon and the nearest metallic plane. Incorporating this into (7)  
and ( l l ) ,  we may now calculate v ( H ,  T )  and T ; l ( H ,  T ) .  
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Figure 1. Plots, as functions of normalized magnetic field, of the muon spin re- 
laxation rate TI-' normalized by its zerc+field value (full curve) and the inverse 
correlation time normalized by its zero-field value (chain curve). Here, EF = 10 meV 
(corresponding to qF kl 1.35 x lo6 cm-l), T = 1.5 K, h / ~  = 0.012 meV, z = 25 8, 
and the spin splitting is chosen as goH = 0.2hwc. 

In figures 1 and 2, we show these two as a function of field for two different distances 
from the plane. We assume that the zero-field K is sufficiently large for our assumption 
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Figure 2. As figure 1, but for z = 75 k 

of incoherent hopping t o  be valid. Now v ( H ,  T )  is essentially telling us the local density 
of states in the region where the muon is diffusing, since K(H1 T )  measures the low 
energy dimensionless coupling to  the electrons in this region. This behaviour is then 
directly reflected in T,, as we see. The ability to  measure such local properties is 
extremely important, since previous transport measurements have only tested the 
system-averaged effects of impurity scattering on the electronic wavefunctions and 
density of states. 

Examination of equation (4) also reveals another interesting prediction of the the- 
ory; for strong muon-electron interactions, such that wo >> v ( H ,  T ) ,  TT1 w v/u,”, and 
then v ( H ,  T )  and T T 1 ( H ,  T )  oscillate in phase. However for much weaker interactions 
(which will occur for large 2, or even, in pure systems around the peaks in v ( H ,  T )  at  
low T ) ,  TT1 oc v-l1 and will exhibit antiphase behaviour (one can work out a whole 
theory of the resulting non-linearities in the oscillations, from which we refrain here in 
the absence of experiments with which to  compare i t) .  This change in relative phase 
is illustrated by comparing figures 1 and 2. Figure 2 has a much weaker zero-field 
coupling KO, because z is larger. 

I t  is interesting to  compare these results with the NMR probe ment,ioned earlier. 
They both examine local properties, but muons examine charge correlations, and more- 
over the phase reversal effects discussed above provide an extra piece of information 
not available in NMR. 

Finally we note that the assumption we have been using throughout, that  of inco- 
herent hopping, will break down if the muon is sufficiently far from the planes, or if the 
system is sufficiently clean to  give very large peaks in v ( H ,  T ) .  This is because under 
these conditions the dissipative coupling K ( H ,  T )  will be so small that  coherence will 
set in between intersite hopping processes. At this point the muon will effectively 
‘Bloch delocalize’, and a quite different theoretical treatment is required. This opens 
up the facinating prospect that  one could alternately delocalize and relocalize the 
muon just by sweeping Landau levels through the Fermi surface [15]. 

We should like to  thank R Kiefl for many interesting discussions. The work of PCES 
was supported by an NSERC-URF grant. 
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The great success of the Vagner-Maniv theory [6] leads one to suspect that corrections to the 
SCBA will also be small here. We have in fact calculated these corrections, for both NMR and 
L F - ~ S R ,  in the framework of weak localization theory. The results will be reported elsewhere. 

We have recently shown that Bloch delocalization of muons does take place in insulators; 
Stamp P C E and Zhang C 1990 Phys. Rev. Lett. submitted. Bloch delocalization of muons 
should also be observable in superconductors below Tc. A detailed theory is in preparation. 


