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A magnetic field can substantially alter the probability for the hop of an impurity
or for a transition in a two-level system in a disordered metal. The effect stems from
achange in the energy of the interaction of an impurity atom with conduction
electrons when a magnetic field is imposed. A similar dependence of the hopping
probability on the superfluid current is predicted in disordered superconductors.

1. The conductance of a small metal sample is extremely sensitive to slight
changes in the random potential which scatters electrons, because of a quantum inter-
ference."” This anomalous sensitivity makes it possible to experimentally observe a
slow relaxation of individual two-level systems and a diffusion of impurities at low
temperatures.>*

In the present letter we examine the inverse effect: the effect of changes in the
electron wave functions on the behavior of a specific impurity. This effect also turns
out to be anomalously strong. Its physical origin lies in Friedel oscillations of the
electron density.” In a disordered metal, the electron density is determined by an
interference of the waves scattered by different impurities and is therefore a random
function of the coordinates. An external magnetic field alters the conditions for this
interference and thereby alters the electron density at the given point and thus the
energy of an impurity at this point. These changes differ substantially at different
points, even if they are close together, so the energy required for the activation of an
impurity and thus the probability for its hopping also change.
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2. Let us examine the changes in the thermodynamic potential of the sample,

Q{u(r)}
82 =Q{u(r) +8u(r)} —Q{u(®)},

which are caused by the hopping of an impurity or by a transition in a two-level
system, which has the consequence that the random potential u(r) at point r changes
by Su(r). According to the discussion above, 8¢} is a random function of the magnetic
field H, with a mean value of zero: (62(H)) = 0 ({...) means an average over realiza-
tions of the random potential). To determine the fluctuation amplitude 5 as a func-
tion of H, we consider the correlation function

K(H, H ) =([3YH) - SYH')1*) =([SSYH )] + SSYH')?) ~ ASSYHPBYH' ). (1)

In the region of weak localization (p.!= 2¢,7>#, where / and 7 are the mean
free path and mean free time, and £, and p;. are the Fermi energy and Fermi momen-
tum of the electrons), the quantity (SQ(H)SQ(H ') ) is given by the diagrams in Fig. 1
in the standard diagram technique. This average is determined by distances which are
small in comparison with / and by electron states which are far from the Fermi level.
For fields which are not too strong, on the other hand, the quantity K(H, H') is
determined by the region of large distances and low energies.

We consider a sample with dimensions L, XL, XL, in a magnetic field H | z.
Under the conditions L,,L,>min{L;,L,}>/, where L, =Hc/e and
L. =J#D /27T (D = [?/3r is the electron diffusion coefficient), we find from Fig. 1
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where C is the impurity concentration. The numerical coefficient 4 is determined by
the value of du(r). If the impurity is displaced a distance greater than the electron
wavelength and also greater than the range of the potential, 4 is close to unity. Under
the condition E €T, expression (2) gives us

FIG. 1. Feynman diagrams for calculating the
correlation function (SQ(H)SQ(H')). Solid
lines—Electron Green’s functions; dashed lines—
average over realizations of the random potential.®
A vertex corresponds to a change Su(r) in the
a b impurity potential.
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Here n,=CIl?min{L,L,} is the number of impurities whose displacements change the
conductance of the sample, whose dimensions are L; XL, Xmin{L,L,}, by ¢*/%
(Refs. 1 and 2), and £(2) is the Riemann zeta function. If £, > 7, the correlation
function K(H,0) differs from (4) only by a numerical factor and by the replacement
of Tby Ey:

2
AEy, ~ o ! 5)

K(H0)x ——F— =~ - ,
Clzmm{Lz,LH} ¢ min{Ly, L}

where w, = eHfi/mc is the cyclotron frequency.

These results can be understood by recalling the mesoscopic fluctuations of the
state density’ which lead to fluctuations in the orbital magnetic susceptibility. As a
result, the magnetic energy in an ensemble of samples of size L fluctuates by an
amount on the order of £% L 2/#D (Ref. 7). The energy changes by this amount in the
case of the displacement of n, = CI L impurities. The displacement of a single impuri-
ty thus alters the magnetic energy by E % L >/%D\n,,. If we set L = min{L,,L,}, we
then find relations (4) and (5).

These relations are valid under the conditions 7, £, S7/7, so the maximum
change in the impurity activation energy in a magnetic field, on the order of

KT O €y 2 Y
max T T2€F

2

|8 H) - 50)

max

’ (6)

can substantially exceed the temperature 7. The relaxation time of the given two-level
system changes by a large factor in a magnetic field.

When a magnetic field is applied, the suppression of the Cooper component (Fig.
1b) reduces the dispersion of the electron component of the impurity energy,

(8Q(0)* Y—(8YH)* Y~ K(H, D),

and thus the total scatter in the impurity energy E, at the various positions of the
impurity and the crystal. The effective activation energy for impurity diffusion, E,,
thus decreases by 8E, =K (H,0)/E, (Ref. 8). Although this quantity is smaller than
|6Q(H) — 80(0)| =y K(H,0), it may be comparable to T. The impurity diffusion
coefficient depends strongly on the magnetic field.

3. If the electron system is in a superconducting state, the impurity energy de-
pends in a random way on the superfiuid current.” As a current J, on the order of the
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critical current J. flows through the superconductor, the impurity activation energy
changes, in the case A>T, by

18Q¢,) —8Q0) I~ ACI® min{§, L, }) "? = Ang!'?, (N

where A is the superconducting gap, and & = D#i/A is the coherence length.

This effect is analogous to the magnetic-field dependence of 5}, which was dis-
cussed above: The flow of a current on the order of J, has the consequence that the
phase acquired by an electron over the coherence length changes by an amount on the
order of .

There is another way to explain (7): At a given current J;, the energy of the
superconductor depends on N,, the density of superconducting electrons ()
= mJ2£3%/N,e*). The hopping of an impurity alters the superconducting density in a
volume of &3, The relative change in N, and thus in the energy is given in order of
magnitude by’

60 éN 6G e’
PRSI PR SR () _l, 8
@ TGy TS Vo) ®

where G, is the conductance of a cube of side £ in the normal state.

4, The entire discussion above applies not only to impurity atoms but also to the
ions which make up the crystal lattice of a metal. In a magnetic field, each ion is
displaced in a random direction by an amount on the order of

ey 1
—_ aw ! a/ ! bt
N 2 =1 ~ " -2 - =~ _______“_C_ ’
6x ~VK(H, 0)(pMa) M (acp) min{Lg, L, } min{Lg, L,} €g

where q is the lattice constant, M is the mass of the ion, and w, is the Debye frequen-
cy.

Because of this effect, the structure factor of the lattice becomes dependent on the
magnetic field or on the superfluid velocity in the superconductor. In principle, this
dependence could be studied by x-ray diffraction or by a nectron method. An alternat-

ing magnetic field results in the excitation of phonons at the doubled frequency [be-
cause of the relation SQ(H) =860( — H)].

5. We note in conclusion that this entire analysis has been carried out in the
adiabatic approximation. We believe that incorporating nonadiabatic effects'' could
not lead to an exponential dependence on the temperature; it could only alter the
coefficient of the exponential function. For this reason, the change in the activation
energy which we have been discussing here is the dominant change, at least at low
temperatures.

"This dependence was discussed by Kozub'® for classical Josephson junctions.
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