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Quantum memory effects in disordered systems and their relation to 1/f noise
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‘We propose that memory effects in the conductivity of metallic systems can be produced by the same two-level
systems that are responsible for the 1/f noise. Memory effects are extremely long-lived responses of the
conductivity to changes in external parameters such as density or magnetic field. Using quantum transport theory,
we derive a universal relationship between the memory effect and the 1/f noise. Finally, we propose a magnetic
memory effect, where the magnetoresistance is sensitive to the history of the applied magnetic field.
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I. INTRODUCTION

There are several phenomena in electronic systems that
occur on extremely long-time scales. One well-known example
is the 1/f noise [1], where the power spectrum of the
conductivity noise shows power-law scaling in a range of
frequencies from 1x 103 to 1x107% Hz.

Another such phenomenon is the conductivity memory
effect [2—4], where after a sudden change of the electron
density the conductivity will jump above its equilibrium value,
as illustrated in Fig. 1. The conductivity will relax to its
equilibrium value very slowly, without any visible time scale.
Anomalies at the old Fermi level (see Fig. 7) may remain
detectable up to a day later.

In the case of 1/f noise in conductors, it has been
proposed [5-7] that these scales come from two-level sys-
tems [8—10] (TLS) with a broad spectrum of tunneling times.
The prototypical example of a TLS is an impurity tunneling
between a close pair of host sites. The reaction of the electrons
to this motion naturally reproduces the 1/f noise.

In this paper, we show that this mechanism by necessity
produces a conductivity memory effect. The effect is, in a
sense, the inverse of the 1/f noise, as it derives from the
reaction of the TLSs to the mesoscopic fluctuations of the
electron density. As a mesoscopic phenomenon, it is sensitive
to magnetic fields and a change in the magnetic field produces
qualitatively similar behavior to a change in electron density.
Moreover, we derive a “memory magnetoresistance,” where
the magnetoresistance depends on the history of the magnetic
field.

Since the 1/f noise and memory effect derive from the
same interaction, we can derive a “universal” relationship
between the noise and the memory effect, independent of the
microscopic details of the TLSs. This relationship depends
only on the phase coherence length, as measured by the
magnetoresistance.

The plan of the paper is as follows. In Sec. II, we give a
qualitative discussion of the model and the results. In Sec. III,
we give a quantitative derivation of these results using the
standard quantum theory of metals. We also analyze the effect
of magnetic fields and derive the memory magnetoresistance
effect. A derivation of the properties of the TLS is given in

“lemonik @phys.columbia.edu
faleiner @ phys.columbia.edu

1098-0121/2014/90(18)/184203(16)

184203-1

PACS number(s): 71.23.—k, 72.15.Rn

Appendix A. In Appendix B, we discuss an experimental
protocol for detecting the memory effect. In Appendix C, we
discuss the relationship between the charging properties of thin
films and the underlying energy scales.

II. QUALITATIVE DISCUSSION AND RESULTS

The purpose of this section is to review known facts about
the 1/f noise and to make a connection to the proposed
memory effect.

A. 1/f noise and mesoscopic corrections

It has been known for over 50 years that the conductivity
noise in metals has strange behavior in the low-frequency
limit [1]. Consider a sample of linear dimension L with a
fixed voltage applied such that a mean current / is produced.
If the fluctuations of the current around the mean §1(¢) are
measured, it is found that

SINSI) = 1’L™F(@t — 1), 2.1

where — denotes the time average. The factor of L™¢ takes
into account the central limit theorem so that the function
JF does not depend on the sample geometry. The Fourier
transform of F was found to behave as

/dt F(t)e'' ~ 1
|l

at low frequencies w = 2 f. This behavior persists in some
samples from frequencies of a khZ to an inverse day. The basic
problem is a mismatch of scales. The typical elastic scattering
times are of the order of picoseconds. The inelastic scattering
(either the dephasing or the energy relaxation time) may exceed
the elastic scattering by several orders of magnitude. But, even
these are never larger than a microsecond. How can there be
behavior on times of an inverse day? What scale can be the
cutoff for the 1/f behavior?

A resolution of this problem has two components. The
first component is the two-level system [8—10] (TLS). There
are many possible microscopic mechanisms that produce
appropriate TLSs. As our final results should be independent of
the microscopic details, we will work with a particularly simple
model. This is a heavy but mobile atom with two equilibrium
positions r; and r,. Under the action of inelastic scattering by
electrons and phonons, the atom can switch its position.

The probabilistic description of the TLS is the following:
Pﬁ qz are the probability for the TLS to be in the states 1 and 2,

2.2)
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FIG. 1. (Color online) Figure showing the response of the con-
ductivity to a change in the density n,. The behavior is qualitatively
similar for a change in magnetic field. The density is changed by
dn, at t = 0 and returned to its original value at t = #,. The graph
plots conductivity vs time for several different choices of #,, but the
same én,. There is a jump in the conductivity §o; when the chemical
potential is first changed and a second jump 80, at t = t;,. The time
scale is in arbitrary units. Figures offset slightly for clarity. The scale
o, isdefined in Eq. (2.26). A positive o, only appears whent, > /i,
when 50% of the TLS are relaxed.

respectively. These are dictated by the Gibbs distribution. The
motion between these states is characterized by P(¢,r|t’s), the
conditional probability to be in state r at time ¢ provided that
it was in state s at time ¢’. A particular TLS is governed by a
single relaxation time 7;:
P(t,r|t';r) = PY + (1 — PSO)e 1= 1/m2, (2.3)
The TLS’s transitions necessarily involve tunneling. There-
fore, the relaxation time 7;, must be of the form

1 ( |71 —V2|>
— xexp| — |,
T12 a

where a is a constant on the order of the lattice constant. As-
suming that the positions r| » are homogeneously distributed
we find that the probability distribution of the relaxation times
is

2.4)

d
dtiaP(t12) ~ e
T12

@2.5)

Averaging Eq. (2.3) over the tunneling time of the TLS with
the distribution (2.5) gives

In(zs/1)
ln(tf/ti)

valid when #; < t < t;. The lower cutoff #; is given by some
microscopic scale and the upper cutoff ¢/ is larger than #; by
many orders of magnitude in reasonable models. The function
KC(¢) therefore shows 1/f behavior over the extremely large
range of scales that is characteristic of F(¢). If there were a
mechanism that would translate the motion of a TLS into an
observable transport coefficient of electrons, we could write
K(t) o F(t) and claim the phenomena explained.

/dfl27)(712)e_l/m o' = K(1), (2.6)
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FIG. 2. Anillustration of semiclassical paths in the “interference”
contribution to the probability to propagate from point A to point B.
The crossed circles represent static impurities and the reversed arrow
indicates the complex conjugate of the amplitude.

Such a translation is in fact subtle. Naively, the conductivity
is determined by the Drude formula

op = ezvvfﬂ:,,, 2.7
where v is the density of states, vy the Fermi velocity, and the
transport time 7,, is given by

1
- = UFNimpsy
Ttr

2.8)

where Nin, is the density of impurities and s is the scattering
cross section. Given that shifting an impurity does not change
its scattering cross section [11], it would seem that the motion
of the impurity has no effect on the conductivity at all.

It was realized in Refs. [5,7] that the theory of mesoscopic
conductance fluctuations [12-14] resolves this issue. To
illustrate this resolution, let us recall the justification for the
Drude equation. The Fermi wavelength Ay is much smaller
than the mean-free path between impurities £;pp, S0 we may
consider the electrons as wavepackets following semiclassical
trajectories. Consider the probability W,p for an electron to
propagate from point A to point B. Because the electrons can
scatter off an impurity to any direction, there are many paths
connecting the two points. Quantum mechanically, we assign
to each path i the amplitude .4;, sum the amplitudes, and square
the result. This gives

Wag =Y |AP+ ) ArA;.
i i%)

(2.9)

The first term is a classical sum of probabilities which leads
to the diffusion equation and the Drude formula. The second
“interference term,” illustrated in Fig. 2, is neglected in the
Drude equation. The usual justification is that the interference
depends on the relative phase of two paths

¢ij ~(Li —Lj)pr/h,

where L; is the length of the ith trajectory and pp is the Fermi
momentum. But, this phase fluctuates wildly since prL; > h.
Thus, one may think, incorrectly, that the interference correc-
tion is a sum of terms with random signs and may be neglected.
The remaining terms are purely classical and so any correction
to the conductance G would take the form

(2.10)

2 1 )
G~ Z(|A,-| + 8gi), 2.11)
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where N is the number of paths and §g; is a correction to the
classical probability. This leads to a variance

? 1 1
(AG?) ~ (Sgiz)mN o -
Thus, according to this logic, the correction to the conductivity
decays with N. Since N grows with the size of the system, this
leads one to think that all corrections must decay with the size
of the system.

However, the neglect of the interference term above is
careless since there are pairs of paths whose phases are fixed
by symmetry, such as a path and its time reverse. These will not
have canceling phases and therefore they contribute to Wyp.
Let us estimate the correction §o to the Drude formula that the
interference term produces. We may think of it as a random
quantity and calculate its variance. The true conductivity
0 = 04 + S0 is proportional to Wy so

AG % D AAALAL

ijki

(2.12)

There are two sets of paths that give a nonvanishing
contribution to Eq. (2.12). The “diffuson” term where path
i =1 and j = k and the “cooperon” term where path k is the
time reverse of path i and likewise for j and /. These are
illustrated in Fig. 3. Substituting these paths into Eq. (2.12)
gives a contribution ~(}; IM;])> ~ N%, not N as in the
classical estimate [Eq. (2.11)]. This means that the correct
expression for AG is independent of the system size. It follows
that this correction is describing processes that occur on linear

FIG. 3. Examples of an interference contribution to the variance
of the conductivity. The crossed circles represent static impurities.
(a) The pair of paths 1 and 2 contribute to the classical probability
probability to propagate. Because the two paths are different they
have a random phase, which means the sum over all paths is self-
canceling. But, combined with the paths 3 and 4, the diagram makes
a nonvanishing contribution to the variance of the conductivity. (b) A
cooperon contribution, where the path 3 is the time reverse of path 1
and likewise for 4 and 2.
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scales larger than all microscopic lengths and therefore must
be universal and independent of material parameters. The only
possible expression is

o (€Y
o~ (<)

There are two mechanisms that violate the universality of
Eq. (2.13): dephasing by inelastic processes characterized by
the the inelastic time 7y (see Refs. [15-17] for a detailed
discussion of 74 in mesoscopic fluctuations) and temperature
averaging due the dependence of the phases .4; on the electron
energy €;:

Ai(e1)Aj(e2) o expli(e) — e2)Li/vr].

The dephasing restores the central limit theorem in the sense
that the system can now be separated into uncorrelated
subsystems of size £, = \/Dt4. Here, D = v2%.1,, is the elec-
tron diffusion constant. The temperature averaging similarly
means that contributions from energy differences larger than
€1 — €, ~ h/ty are independent. This results in

- (9) (%) ()
so~(5) (2) ()

where d is the dimensionality of the sample.

While §G is not directly observable, this correction
manifests as the universal conductance fluctuations. If an
adjustment is made to the system (a change in chemical
potential, thermal cycling, magnetic field, etc.), the phases in
the interference term will be changed and so the interference
will be randomized, leading to fluctuations in the conductivity.
These fluctuations are universal in the sense that they do not
depend on physics at the scale i, or Ax, but on much longer
scales such as the system size or phase coherence length.

Returning to the TLS, we now understand how the motions
of the impurities may affect the conductivity. Consider a path
involving the scattering on a mobile impurity (TLS) as in
Fig. 4. The geometric length of the paths differs depending
on the location of the impurity. Therefore, the accumulated
phase ¢; of the trajectory depends on the state of the TLS. We
write ¢; = prL; + «, where r = 1,2 is the state of the TLS.
The numbers «;, are effectively random since they depend
on the orientation of the electron path and the displacement
1o between the two sites of the mobile impurity. Thus, the
contribution of the path i to the fluctuation of the conductance

(2.13)

(2.14)

(2.15)

FIG. 4. Figure showing the change in the geometric length of a
path because of a shift in mobile impurity from position 7 to 5. The
crossed circles represent static impurities and the solid dot shows two
possible positions of a TLS.
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becomes dependent on the state of the TLS,

AG;, ~cos(kpL; + ;). (2.16)

Substituting such paths into Eq. (2.12), we can calculate the
contribution to the conductance fluctuation for paths passing
through the TLS. In the limit that o; — ap > 1 the sign of
AG; , is random and the terms where r # s do not contribute.
Therefore [see Eq. (2.3)],

AG{(DAG(1) o Y POP(rtrt)
o P{APSte/me, (2.17)

The correlation function of the conductances is determined by
the impurity dynamics. The summation over different TLSs
leads to the correction of Eq. (2.15):

(AG(AG))
62 2 £¢ 4-d h Ty
~ | = — — | =K@ -1), (.18
(7) (2) () ()reme e
where ((...)) indicates an average over the positions and

tunneling rates of the TLS.

The time 7, is the elastic scattering time of an electron from
a mobile impurity and the factor 74/7, < 1 is the fraction
of paths that encounter a mobile impurity before the phase
coherence is destroyed. This factor can also be understood as
follows. The scattering time 7, is approximately the density of
states v over the density of the TLSs p,. This gives us

(2)-(%3)
n.) \gly)

where g({y) = vDEjfz is the conductance at the scale £4 in

units of e?/h. The phase coherence splits the system into cells
of volume Eg each with p*ﬁg impurities. Therefore, to produce

(2.19)

a change in the conductance of order ¢? /% in a sample of linear
size {4, one must move a number of impurities equal to g(£g).

We can compare Eqs. (2.1) and (2.18) by using the facts
that on applying a voltage V, the current / = G(L)V and the
fluctuations §1 = 6GV. Furtheg, the co?ductances at scales L
and £, are related by G(L) = %g(&,,)(f“’)z’d. We thus obtain
a relationship between the functions F(¢) and KC(¢):

Fay € (h>
%O‘gw Tt.)

Equation (2.20) describes the mechanism of quantum interfer-
ence that translates the microscopic motion of the TLSs into
an observable noise. We will show now that this interference
inevitably leads to the memory effect, not previously studied
in the literature.

(2.20)

B. Memory effect

Memory effects are the slow responses of, say, the conduc-
tivity o (n.,B) to sudden changes of the electron density n,
or the applied magnetic field B, as illustrated in Fig. 1. After
the change, the conductivity §o(¢) is usually larger than its
equilibrium value o¢(n, + én,B + 6 B) and approaches this
equilibrium value very slowly, without any visible time scale.
Moreover, if after some time ¢, 1., and B are returned to their
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FIG. 5. Semiclassical paths demonstrating the memory effect.
The impurity in the TLS is represented by a solid dot and the
crossed circles represent static impurities. (a) A multiple scattering
contribution to the scattering rate of the TLS with a random phase.
(b) A contribution to the energy in the semiclassical picture. (c) An
interference contribution to the covariance of the scattering rate and
the energy.

starting value, o will jump again (the value and even the sign
of the jump depending on 7,) and then return to the starting
value o (n., B) during a time of the order of #,.

We give here a qualitative explanation of this behavior using
the concepts introduced in Sec. IT A. The rigorous derivation
of these results is relegated to Sec. III E.

As before, consider the interference contribution to the
conductivity from two trajectories shown in Fig. 5(a). The con-
tribution to the conductivity Ao; from this path corresponds to
an enhancement of the scattering rate 1/t;,, and so the effect
can be estimated as
% ~ = impr;z cos(kpL; + o) P,

221

where P, is the probability for the TLS to be in state r and
the coefficient Vi, is the average of the impurity-electron
potential, which gives the scattering amplitude in the first Born
approximation. Because the phase of the cosine is random, one
might expect Eq. (2.21) to vanish on averaging. However, this
neglects the possibility that the phase is correlated with P, and
is therefore incorrect. Let us see how this correlation arises.
The equilibrium probability P for a TLS is given by
the Gibbs distribution P7* oc exp(—E,/T), where T is the
temperature and E, is the energy of the r state. Because
the mobile impurity interacts with the electrons, this energy
will depend on the density of electrons p(r) near the mobile
impurity. The density of electrons itself fluctuates throughout
the metal because of the Friedel oscillations [18] of the
randomly placed impurities. The role of Friedel oscillations
in the interaction correction to the conductivity is discussed
in Refs. [19,20]. Such a fluctuation of the energy §E, will
produce a fluctuation in the occupation probability § P, :

SE| —8E;

P — 8P, = — PP, (2.22)
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Assuming that these density fluctuations are small, we may
write that the fluctuation of the energy § E, is proportional to
the fluctuation of the density §p,. In the semiclassical picture,
the density of electrons at the site r is given by all loops that
pass through the site as in Fig. 5(b), so the path i gives a
contribution

SE" ~ Vimpdp\” ~ Vimp /dem(e)ci,r(ex (2.23)

where

Cir(e) =cosl(kr +€/vp)L; + a,], (2.24)

and np(e) = [1 + exp(e/T)]~! is the Fermi distribution func-
tion. Crucially, the energy shift is determined by the same po-
tential Vi, that defines the scattering amplitude in Eq. (2.21).
Substituting Eqs. (2.22) and (2.23) into Eq. (2.21) and keeping
only the nonoscillating terms we obtain

2
imp

AO’,‘

Op

de ng{€)cos (viL,) PYPS. (225
F

It is important to note that only the quantity Virznp appears

in Eq. (2.25) and this is of definite sign. Therefore, the sign

of Eq. (2.25) is fixed regardless of whether the interaction is

repulsive or attractive.

The next step is the summation of Eq. (2.25) over all the dif-
fusive paths that involve the scattering off of the mobile impu-
rities. This is precisely the sum [Eq. (2.12)] we have discussed
in Sec. IT A, where we found that the change in the conductance
is given by the inverse conductance on the scale £y4. The
only difference is that, because of the integral over € in
Eq. (2.25), the phase coherence will already be destroyed
for paths longer than hvg/T. This corresponds to a diffusive
length Ly = /RD/T < £4 (see Ref. [17]). Calling the total
correction to the conductivity o, we obtain that

Oy 1 1
g(Ly) Tt*

(2.26)

oD
Equation (2.26) is a quantum correction to the conductivity
with a singular dependence on temperature. Similar effects
were discussed in Ref. [21] in relation to zero-bias anomalies
in point contacts.

Due to the small factor 1/(Tt,) this correction is not
observable in bulk systems in comparison with the interaction
correction [22]. It is only the memory effect that makes the
correction (2.26) observable.

Let us at time t = 0 suddenly change the electron den-
sity so that kr — k., or apply a magnetic field B. The
electrons equilibrate instantly compared to the time scales
we are interested in, so we should change in Eqs. (2.21)
and (2.24)

3 @
Ci (€)= Ci (e) = cos(Zn—)cos |:<kjF +i>L,- + oer:|,
[ VF

0
(2.27)

where ®; is the flux enclosed by the diffusive path and &, =
hc/e is the flux quantum. However, the occupation probability
of a TLS does not immediately follow the change in density
because it relaxes only on the long-time scale t1,. Therefore,
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we should write for the occupation probability

—t/t2

APr(l‘) = -

/ denp(€)Ci ()

1 — e t/m

et /denf(e)éi,r(e). (228)
Then, Eq. (2.21) yields

) —t/T2
AO’_,([) ~ —ZP]szdEnF(E)[e Ci,r(e)éi,r(o)

o T
r=1,2

1— e*’/flz

- —Ci,r(e)éi,r(o)]

- (2.29)

Once again, keeping only the terms which do not oscillate on
the scale of 1/kr we obtain instead of Eq. (2.26)

Ao;(t)

o

PIPZ/ _ € 27 d;
=— de {e "2cos | (kly —kp + — |L;| cos
T {e [( Potet UF) } N

€ 2n ®;
+(1 — e "/M12) cos — cos? —'}
VF 0

(2.30)

Equation (2.30) is the key for the qualitative understanding
of the memory effect. The first term characterizes the slow
decay of the system’s memory of the initial interference
pattern. The second term characterizes the slow approach of the
conductivity to the new equilibrium. The term cos”(27 ®; / ®¢)
describes the suppression of the constructive interference
between time-reversed paths by the magnetic field. The same
suppression by magnetic field appears in the 1/f noise [23,24]
and is evidence of the importance of mesoscopic physics in
the system.

Equation (2.30) has several immediate applications. Let
us consider the change in conductivity immediately after a
change in the density.! Summing over all the trajectories and
all the TLSs in Eq. (2.30), we obtain the total correction to the
conductivity

So(Bkypt=0) _ 1 1 (vrlkr =Kl Lt
op g(Lt) T, T "Lg)’
(2.31)

where Lg = /hc/(eB) is the magnetic length and the function
S(x,y) counts the fraction of diffusive paths whose interfer-
ence is not destroyed due to changes in kr or B. It has the
asymptotic limits

S$(0,0) =1; S(x = 00,y) = S(x,y > 00) =0. (2.32)

The explicit form of S is given in Eq. (3.29). The dependence
of the conductivity on the density is shown in Fig. 6. It can be
seen as a fingerprint of the electron density that is stored in the
TLSs.

The time dependence of the conductivity is even more
dramatic. Taking Eq. (2.30) and summing over all the diffusive

'Note the interaction correction does not produce any singular
density dependence because the self-consistent potential created by
the electron-electron interactions equilibrates almost instantaneously.
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FIG. 6. (Color online) Graph of the zero-bias anomaly in the
conductivity. The conductivity and chemical potential are measured
from the resting values. The curves are obtained by numerical
integration of Eq. (3.35).

paths and all the TLSs with the distribution function from
Eq. (2.6) we obtain

8o (B,k/,; 1)
Op

1 i{;qng(M;ﬁ)
g(Lr) T, T Lg

+ 1[/C(O) - IC(t)]|:1 + S(O,ﬁﬁﬂ}. (2.33)
2 Lp

This dependence has two anomalies, one at the old Fermi level
and the second at the new Fermi level. The ratio between the
amplitude of these anomalies characterizes the fraction of the
TLS that have adjusted to the new electron density. The form
of the density dependence is shown on Fig. 7.

The function /C is precisely the function given in Eq. (2.6)
which determines the correlations of the 1/f noise [see
Egs. (2.1) and (2.20)]. Moreover, the unknown factor i /(T t,)
is removed if the memory effect is expressed in terms of
the measurable correlation function of the 1/f noise from

FIG. 7. (Color online) Graph showing the relaxation in a thin film
of the conductivity singularity from the old Fermi level p; to the new
Fermi level u ;. The curves are labeled by the fraction K of TLS that
have relaxed to the new equilibrium.
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0 (0)— o (c0) 04

T

4 2 2 s

FIG. 8. (Color online) Plot of the magnetic memory effect. The
curves plot the difference between o(0), the conductivity of a
sample equilibrated in zero field, and o (00), the conductivity after the
sample has equilibrated in a transverse field with magnetic length L 5, .
The curves are shown for different choices of the resting magnetic
length L, and plotted in terms of the L, the magnetic field length
when the conductivity is measured. They are obtained by numerical
evaluation of Eq. (3.32).

Eq. (2.6):
80 (B.k;1) _ 1 Fys vrlkr — kgl Lt
Op Vq T ’ LB

+ l[f(O) - ]—‘(t)][l + S(o,ﬁﬂﬂ }
2 Lp
(2.34)

where V, is the effective volume of the subsystem which
contributes to the memory effect and is defined by

1 g(ly)

Vo £48(Lr)

The time 7,4 can be extracted from the usual weak localization
magnetoresistance measurement.

The closest relative of the density memory effect discussed
above is the magnetic field memory effect. Let us keep the
density fixed and switch the magnetic fieldatt = Ofrom B = 0
to By. Then, at some later time ¢t we briefly shift the magnetic
field to a third value B and measure the resistance. Repeating
the arguments starting from Eq. (2.30) we find the that the
time-dependent part? of the resistance is

~ vT (1, T)* 4. (2.35)

So(B.kjit) 1 Lr) Loy
o kiin) ‘Vq{f(’)s(o’ LB) + 5 1F(0) ~ FO)
LT LT
Ly = | (2.36)

2There is also a contribution from the anomalous magnetoresistance,
but this does not depend on time.
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At large value of the magnetic field 2Ly = Lp) the magne-
toresistance shows a distinct two-dip structure, shown in Fig. 8.
Note that the magnetoresistance is always symmetric. This is
because the electrons are always in quasiequilibrium and so
Onsager’s relation applies.

There is a different way to probe the same memory physics,
by performing a cyclic perturbation of the system. We can at
t = 0 turn on a magnetic field or change the density and wait
for a time #,. We then switch off the magnetic field or return
the density to its previous value. We may then measure the
conductivity o(¢) at time ¢ > t,, when the system has the
parameters as at t < 0 but still retains a memory of the period
0 < t < t;,. This protocol corresponds to the correction of the
energy levels of the TLS only during the finite time #,. We
obtain instead of Eq. (2.21) att > 1,

SP(t) = f denp(€)[Ci, (€) — Ci (e)]

—t/Tn _

e_(t_t/x)/flz).

x (e (2.37)

Repeating the previous derivation, we obtain a correction to
the conductivity

so (1) _]—‘(t)—]-‘(t—th)[l_s vrlkp — k| Lt
L T L)

op Vq

(2.38)

Equation (2.38) describes the relaxation dynamics of the con-
ductivity. This protocol has the advantage of being insensitive
to the fastest time of scale of the TLS dynamics [it does not
contain F(0)]. It is also noninvasive in that it does not require
sweeps of the parameters which may affect the evolution of the
system. However, the measurement of Ao (¢) and the jumps
in conductivity can still be used to extract the function S.
Therefore, the consistency of the different protocols would be
an important test of this framework.

We conclude this section by noting that the theory devel-
oped here can predict the change in conductivity from any
history of the density or magnetic field, by application of
Eq. (3.29). It therefore constitutes a complete description of
the memory phenomenon.

III. DIAGRAMMATICS FOR ELECTRONS AND TLS

In this section, we will introduce the diagrammatic tech-
nique for disordered metals with TLSs and perform a rigorous
derivation of the results discussed in Sec. II. The model is
defined in Secs. IIT A and III B. Sections III C and IIT D rederive
the known results for the mesoscopic fluctuations and the
1/f noise in order to harmonize the notation and allow an
easy comparison with the memory effect. The quantitative
derivation of the memory effect is performed in Sec. III E.

We make several simplifying assumptions, but they do
not appear crucial to the results: (i) all dependence on the
electron-electron and electron-phonon interactions appears
only through the phase coherence length £4, (ii) we work
to leading order in g(E¢)‘1, (iii) we work to leading order in
Tt4/h < 1,(iv) the calculation is perturbative in the density of
the TLS, and (v) we neglect spin-orbit coupling and magnetic
impurities. We revisit the last assumption in the Conclusion.
We set i = ¢ = 1 in all intermediate formulas.
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A. Model

The total Hamiltonian for our system is

I:I = Hmelal + I:ITLS + ﬁel-TLS- (31)

The metallic system is described by the Hamiltonian
Hinewa = / dFY A=V —eD) + UGWE.  (B.2)

Here, wT 18 }he electron creation operator, €(p) is the electron
spectrum, A is the vector gauge potential, U(r) is a random
scalar field representing static disorder, and we suppress
throughout spin indices. We take the simplest model of a local
Gaussian disorder with correlation function

L @
Y- 8 —r).
Here, v is the electron density of states per spin at the Fermi
level and 7 is the scattering rate. The double angular brackets
(. ..) throughout this text mean average over both the static
impurities and all others kinds of disorder.

The Hamiltonian for the TLSs,

(U@EUFE)) = (3.3)

Nris

=Y i
i=1

is a sum of Hamiltonians for each of the Nt s > 1 two-level
systems

Hris (3.4)

hi = Ap[xi6] + 7761 (3.5)
The 6! v,y are the usual Pauli matrices, commuting for different
TLSs. The parameters x; are 1ndependent random variables
uniformly distributed 0 < x; < 1, and r; are independent
random variables uniformly dlstnbuted 0 <r; <R, where
the large-distance cutoff R >> 1 characterizes the lowest
frequency at which the 1/f noise is observed. The energy
A,, is the maximal level splitting of a TLS.

The motion of the TLSs produces an additional potential
for the electrons V(7; {6;}; TLS) which depends on the state of
the TLSs, o;,

Aams = [¢F VG GI)WOUD.  G6)
As the static potential is already disordered, the potential of the
TLSs can be modeled as a random function with zero mean,
no correlation with the static potential U, and that has variance
given by

(V(F16) @ V(Fs (6:21))

NrLs

G —r)Zo ®6

3.7
an -7

where y < 1 describes the ratio of scattering off of the mobile
impurities to the elastic scattering. Equation (3.7) states that the
random potential becomes decorrelated when a TLS changes,
i.e., when o, changes sign. Any residual self-correlation may
be included in the static potential U . Otherwise, no restrictions
are placed on the potential V. It is important to emphasize that
averaging here is performed only over the spatial locations
of the TLS and that the average over the parameters of the
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FIG. 9. The definition of the diagrammatic elements: (a) bare
electron Green’s function, (b) static impurity, (c) dressed electron
Green’s function, (d) and (e) the resummation for the cooperon
and diffuson pole. The external fermion lines are amputated and
the functions D and C are defined in Eqgs. (3.11b) and (3.11a),
respectively.

TLS (x; and r;) should be performed in the final answer. The
resulting diagrammatics are summarized in Fig. 9.

B. Fluctuation-dissipation theorem for dilute TLS

By using the fluctuation-dissipation theorem we may relate
the noise and the quantum memory effects without any appeal
to the microscopic details of the TLS. For dilute TLS (meaning
that the average number of TLS per coherent volume Kg
is much less than one), the dynamics of the different TLS
are independent. The fluctuations are expressed in the exact
Keldysh Green’s function

NrLs
Z(@’; (1)61(12) + 61()61 (1) (3.8)

i=0

FXt; — 1) =

2N7Ls

Here, &Zi () is the operator defined in Eq. (3.5) in the Heisen-
berg representation and the quantum mechanical expectation
(...) is performed over the equilibrium density matrix of the
electron system. The response of the TLS to the change in its
environment, such as perturbations of the electrons, is encoded
in the retarded Green’s function

NrLs

R —1) = —— Y ([6:().6: )]0t — 1), (3.9)
2N1Ls =

where 6(¢) is the step function. Note that we remove a
factor of i from Eq. (3.8) so that both FX and FF are real
functions.

Further microscopic calculation is relegated to Appendix A.
For our purposes it is sufficient to use the fluctuation
dissipation theorem. From the fact that all time scales are
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much longer than /T, we may write
0@t) IFK(t
FR(t) = bwor ),
T ot

Therefore, everything may be expressed in terms of FX(z).

(3.10)

C. Mesoscopic conductance fluctuations

The properties of the conductance fluctuations are well
studied. We reproduce the results in this section in order
to establish the notation and the building blocks of the dia-
grammatic technique. The diagrams for the impurity-averaged
Green’s functions (G®4)) and the average of their product
(GRG*Y) are shown in Fig. 9. Because we are averaging
measurements made at well-separated times we can attach
a definite time to each electron line. The most interesting part
of the long-range dynamics is encoded in the diffuson and
cooperon propagators D and C [see Figs. 9(d) and 9(e)]. These
are the solutions of the “classical” equations

{in+[iV,, + A@,r) + Atr)] +1,')

x C(n,r1,r2311,1) = 8D(ry — 1)) (3.11a)
and
{in+[iV,, + A1) — A2r)] + 17, ')
x D(n,r1,r2511,0) = 8(ry — 1), (3.11b)

where n = € — ¢; is the difference of the energy of the two
electron lines. The constant 74 is the phase coherence time,
which captures the effect of the interacting processes not
explicitly included in our model, such as phonons. The gauge
is fixed with A® = 0 so that C(r,r; ,,1,) is invariant under the
residual, time-independent gauge transformations.

In the absence of a magnetic field, there is no dependence on
the times #, and #, and the Fourier transform of the propagators
is given by

C(n.0) =D(1.0) = (—in+DQ* +71,')”

The nonequilibrium distribution of the electronic system
due to a finite current is expressed by the Keldysh Green’s
function GX shown in Fig. 10(b) or equivalently by the electron
distribution function n(e, p). The average current, shown in
Fig. 10(d), reproduces the usual Drude formula.

In addition to affecting the long-range correlations as
encoded in the diffuson and cooperon, the disorder also affects
the short-range correlations of operators. This is encoded in
the Hikami box subdiagrams shown in Fig. 11.

The mesoscopic fluctuations originate in the dependence of
GX on the disorder. The variance is calculated diagrammati-
cally in Fig. 12. In the limit 774 > 1, calculation yields

(87 rt)8jP (' ,12))
= (7v)? deldez(%> <%) iIC(el — e, 1)

861 362

(312

xJ ) + 5% 5 Y far
14

x[|D(er — Ez,r,r")lzjy(r",tl)jy(r”,tz)]} - (3.13)

184203-8



QUANTUM MEMORY EFFECTS IN DISORDERED SYSTEMS ...
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A
I
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(b)

c0 L =1-2n(ep);
n(e,p) = (1—Top)Z) fr(e)

(d) <jo>= (—1)

:2e/de<—aaij) v <vav6>FS r'.

FIG. 10. The definition of the diagrammatic elements: (a) current
operator, (b) Keldysh Green’s function, (c) electron distribution
function, (d) expectation of the current operator. The factor of
2 comes from the spin summation. The Fermi function fr(e) =
[1 4+ exp(e/T)]~". Note the factor of —i in the definition (c) of the
average current.

We now simplify Eq. (3.13), working in d <2 and
analytically continuing to higher dimensions. Using the fact
n = € — € is of the order of 74 whereas €, ~ T, we may
take one of the integrals over €. Further, the function C(r,r")
falls off exponentially for [r — r’| > £4. Assuming that j(r)is
smooth on the scale £y, we can remove j(r) from any integral
over position. Lastly, using the fact that

/dr dr// dn|C(n,r,r))? = n/dr CO;r,r), (3.14)
—0oQ

we obtain
(87 rr8jP (1)) = 8N )Y jPr1) i 1)
po
X [6%28°°D(0,r,r) + 8% 8°PC(0,r,r)]. (3.15)
3rTv?

We now apply Eq. (3.13) to the experimental setup of
interest. Consider a cubical system of linear dimension L,
with leads welded on to the faces normal to the X direction.
Apply a voltage V and measure the current /. To relate
to the local fluctuation §j we should recall that the correct
interpretation of the term §j(r,t) is as a Langevin source for
the current density j(r),

jé(r,t) = c E* + 8j%(r,1), (3.16)

where E is the electric field and §j(r) is to be treated as a
random term with statistics given by Eq. (3.13). However,
since we are dealing with a good conductor there is no local
charge accumulation on the time scales of interest, as the
electric field E compensates instantly. The only effect of the
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(a) A "R AR
7 A _4 R A
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a _
(d)
K> A
-
=2miT? <Kjo> fr(e)
4
(e) r

= 2miT? o> [r(e2)

FIG. 11. The Hikami box subdiagrams. The external lines are
amputated.

Langevin force §j(r) is to affect the charge transport across

the system, so the correction to the current 6 (¢),
1 d e A

8I(t) = 7 dréj(rt)-x. 3.17)

To first order, the current density that appears on the right-hand

side of Eq. (3.15) can be taken to be the Drude result
j=VoL?>? =1L giving [compare with Eq. (2.15)]

12 Zd g Z
(B1(S1(0) = ﬁWﬁwP(ﬁ) N Y(ﬁ)}

? Le

+ﬁmfd, (3.18)

where Lp, =[e|B(0) B®)|17'/? and Y is the scaling
function defined by

Zd
Y<£—¢> = i—"’[C(o,r,r; B) — C0,r,r;0)].  (3.19)

EB 3 Ty
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FIG. 12. The diagrams contributing to the universal conductance
fluctuations. They must be multiplied by the factor (—i)?>. Compare
with Fig. 10(d).

This function is well known from the study of weak
localization and see Refs. [25,26] for evaluation. The
magnetic-field-independent term f; appears on analytic
continuation to d = 2,3.In d = 2 it is given by

1 1
fr=c"n (E) (3.20)

and is a nonuniversal constant in d = 3.

D. 1/f noise

The mesoscopic fluctuations can be made observable by
varying an external parameter, such as magnetic field. The
shifting of the TLS is another mechanism by which the
mesoscopic fluctuations are manifested, in this case as the 1/f
noise. The appropriate diagrams are collected in Fig. 13. In
fact, no new calculation is needed since we may use the result
for the mesoscopic fluctuation (3.13), make the substitution
rq,_l — rd)_l + . '[FX(¢) — FX(0)], and then expand to first
order. The resulting correlations of the current are

(87 ()8 ¢ 1)) =8“Nr—r)y " (1) j°0 1)
po
1 a

— " _[5§%5”°D(0,r, 80 8°BC(0,r,r)].
X3nv2Tt* 81(;1[ O,r,r) + ,r,r)]

(3.21)

We may follow the same arguments as above to translate this
expression into an expression for the fluctuations of the current.

PHYSICAL REVIEW B 90, 184203 (2014)

FIG. 13. The diagrams contributing to the noise. The TLS enters

through subdiagram (b).

In terms of the function F [see Eq. (2.1)],

F(t) = LSO I ())]/ 1%,

184203-10
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the result is

F(t) = L[Z(E—"’) + z<£—¢)}[FK(z>—FK(0>]
Tt.g(6e)? |~ \ s lp, ’
(3.23)

where

Z(x)=(d/2 - 1Y (x) —2xY'(x) +

84 (3.24)

1272

The final term of Eq. (3.23), in square brackets, carries all of
the details of the microscopic model. The noise can therefore
be used to calculate 7, and the correlations of the impurities.

On insertion of the result for the TLS (see Appendix A)
becomes

B In(z/1p)
In(t,, /t9)”

for times ¢t with #) <t < t,. For frequencies f with 7, <
f -1 < t,, the Fourier transform of the autocorrelation has the
expected 1/f scaling. Given that #, is microscopic while ¢,
may be on the order of a day, this reproduces the experimental
fact of 1/f scaling over many orders of magnitude.

F(t) (3.25)

E. Memory effect

We now calculate the memory effect, which is the correction
to the conductivity arising from the past history of the chemical
potential w(¢) and magnetic field B(¢). By quickly sweeping
the chemical potential at well-separated times, the entire time
history of the conductivity at all energies may be reconstructed.
Throughout this section, we will suppress the dependence of
C and D on magnetic field.

The corrections to the measured current are shown in
Fig. 14. The history of the system parameters wu(z) and
B(t) enter through the history of the electron occupation
function n.(t) = tanh(e_z—’;(t)). The correction to the measured
conductivity is

so(1) /dt’ FR@t —1)

op vt*
de de’ on.(t
dede v — oW, . (326
2w 2w de

It is important to note that the energies in the distribution
function are defined relative to the chemical potential at the
time ¢. The kernel X is defined by

_ . ddé -~ 2 ~ 2
X() =2Reqi | =—[C(Q.n)"+D(Q.,n)7¢.  (3.27)
(2m)

The integral over n and Q is not convergent in d =2 and
3, so there are logarithmic terms in d = 2 and nonuniversal
constant terms in d = 3. Using the fact that C()* = —i3,C(n)
and likewise for the diffuson, we can integrate by parts,
obtaining

o0 de/ , ,
f —X(e' — e)na(th
oo 2T

oo d I a , l/
=Re / de’ ne( )[C(r,r,e/ —¢€) +D(r,r,e —e)}.
oo 2 0€’

(3.28)

PHYSICAL REVIEW B 90, 184203 (2014)

1

(a) R __ _
f l _QWVT*FR(tl t2)
A‘
(b) (A | Ré |
——
2mivt? 5
:7‘7F (tl—tQ)fF(e_:u(t?))

FIG. 14. The diagrams contributing to the memory effect. The
TLS enters through subdiagram (a). Note there is an overall factor of
i from the definition of j in Fig. 10(c).
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Finally, using the fluctuation dissipation relationship be-
tween FX and FR [see Eq. (3.10)], we obtain the main result
of this section:

So(t) 1 dFK(t —1)
op Tt g(LT) dt
X[S<M(t) - /L(t )’i) n S(M(f) — M(l‘/)’i>:|
T LB+ T LB,

(3.29)

[compare with Eq. (2.31)]. The conductance at scale T is
determined by the scaling

I Lo\ 2
gLr) _ <_T> , (3.30)
g(ly) Ly

and the magnetic length L, is defined by

h
Ly = ¢ (3.31)

- e|B(t) £ B(t)|’
The scaling® function S is defined by

S(u,v) = S/OO dx xc‘?thx Re{CJ0,(2x + u).v]}.
oo sinh?x
(3.32)

Here, C is the cooperon expressed in dimensionless units,
given by the equation

liu + iV + vA@)ICru,v) = 890, (3.33)
where A is a dimensionless gauge potential obeying
VxA =3, (3.34)

and Z is the unit vector in the direction of the magnetic field.
Although Eq. (3.32) only contains the symbol C, it includes the
diffuson contribution through the second term of Eq. (3.29).
The correction is similar to the usual quantum correction to
conductance, but around the old chemical potential.

The integral over x = 2(¢; — €;)/ T serves to smooth the
result over the scale of the temperature. At zero magnetic field,
we may evaluate S explicitly and we obtain

x cothx — 1

o0
Swoy = [ 4
@,0) /,oo T T sinhZx

The function P; depends on the dimension and is given by

Py(2x + u). (3.35)

2
Pi(z) = —=lzI7'?,

V2

2
P(z)=——1n
i

(3.36)

2To)|

f
Pyz)=a - —|z|‘/2
where a is a nonuniversal constant. When u >> 1, S has the
limiting form

S,0) = Py(u). (3.37)

3There also may be an effect of the magnetic through the Zeeman
coupling, but this should be a secondary effect.
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We now calculate the effect of a transverse magnetic field
in d = 2. In a magnetic field, the cooperon must be expanded
in Landau levels

C( )—4v2i i+ (n+ 2 w| (3.38)
,u,v_4n 2 in n 3 v . .

Introducing an integral over the auxiliary variable s, this may
be rewritten as

C(0,u,v) — C(0,u,0)

1 [*ds N 20%s
= — —exp|—i=s || ————— —
4 Jo s P T sinh(2v2s)
The change in the line shape S(#,v) can now be evaluated with

the result that
S(u,v) — S(u,0)

ds 202%s 27s 2
= —/ < 1) (—> COS(MS).
sinh(2v2s) sinh(27s)

(3.40)

1). (3.39)

Proceeding in the regime where v < 1, the bulk of the integral
comes from the region near zero where the first term may be
perturbatively expanded:

S(u,v) ~ Su,0) + v H(u), (3.41)
where
_ 4 [ 2rx)*x
H(M) = g'/(; dx m COS(LUC). (342)

Finally, although there is a superficial resemblance between
the retarded line F® and the usual electron-electron inter-
actions, the term F® does not get simply resummed in the
usual Fermi-liquid fashion (see Fig. 15). This is because any
interaction between an electron at time #; and ¢, will make the
diagram proportional to §(t; — #,) and therefore not contribute
to the memory effect. Reference [27] showed that in d = 2
electron-electron interactions can produce 1/f noise, but this

FIG. 15. A normal electron-electron interaction, indicated by the
double wavy line in figure (a), is effectively a delta function in time
on the scales of interest. Therefore, diagrams of the form (b) do not
contribute to the memory effect and there is no Fermi-liquid-type
resummation.
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is only true for frequencies fL?/D > 1 and thus has no
relevance for the longest-time behavior in mesoscopic systems.

IV. CONCLUSION

The essential conclusions of this paper are as follows: The
existence of the two-level systems that have been suggested to
cause the 1/f noise in metals necessarily leads to a memory
effect. The strength of the memory effect is universally related
to the strength of the 1/f noise. The line shape of the
memory effect is also a universal function. Since the effects
are related to the mesoscopic fluctuations, they are sensitive
to the magnetic field in a universal fashion. The sensitivity
to the Aharonov-Bohm effect, which leads to the magnetic
field dependence, is a universal feature of quantum coherent
systems.

We emphasize that the conclusions here do not depend
on the microscopic model of the TLS. The TLS do not
have to be structural defects or mobile impurities. Any set
of localized systems that produce low-frequency noise will,
by the fluctuation-dissipation theorem, lead to a long-time
memory effect following the universal relationship. There is
no necessity for the spectrum to be exactly of the form 1/f; any
slowly decaying spectrum will lead to a memory effect. Even
a mechanism such as atoms diffusing through a network of
tunneling sites, while not in some sense a “localized system,”
will still lead to the same relationship between noise and
memory.*

We have neglected spin-orbit coupling in our calculation.
In the limit of strong spin-orbit coupling, the strength of both
the memory effect and 1/f noise is reduced by }1. Therefore,
the ratio of the two effects is the same as at zero spin-orbit
coupling. There is a small intermediate regime where the spin-
orbit scattering length is between the phase coherence length
and the temperature length. In this case, the 1/f noise will
be suppressed by up to i but the memory effect will be
unchanged. Therefore, for this regime the ratio of the two
will be changed by a numerical factor <4. In any case, the
time dependence and line shape of the memory effect will be
qualitatively unchanged.

To close our discussion, we discuss relevant theoretical and
experimental works. Other theoretical work on memory effects
has been conducted in the insulating phase. In particular, the
role of TLS in memory effects was suggested in Ref. [28],
where it was shown that TLS may cause slow relaxation of
the local density of states in insulators. The possibility that
memory effects can be a manifestation of Anderson Glass
[29-31] physics has also been investigated [32,33].

Since the memory effect we have calculated is a necessary
consequence of the TLS, it may be used to test whether the
TLS are indeed the source of the 1/f in a system. Although
in systems with a large conductance samples the memory
effect will be suppressed, there are several systems that have
anomalously high 1/f noise [34,35]. A search for memory

“We are grateful to A. Andreev for drawing our attention to this
point.
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effects in these materials may help elucidate the source of this
noise.

Experimentally, memory effects have been found in a
variety of systems, including indium oxide films [36,37], thin
films of Pb or Bi [3], and granular metals [2,38-40]. However,
these systems are understood to be in the insulating regime.
We are not aware that any comparable effects have been found
in diffusive systems.

We note that in the metallic regime, the separation of the
screening length and the phase coherence length leads to some
dependence of the anomalous capacitance on the thickness of
the sample. We discuss this in Appendix C.
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APPENDIX A: TWO-LEVEL SYSTEMS

In this section, we give a model for the two-level systems.
In a disordered system one expects to find a large number
of mobile impurities. The mobile impurity may be treated as
a massive particle which sees a potential V(r) depending on
the static impurities and defects in the lattice, as renormalized
by electron-phonon excitations. We are interested in the case
where V (r) is generally larger than all relevant energy scales,
except for localized valleys located an average r,, apart. If r,,
is large compared to the time scales of our measurement, in a
sense to be made precise below, then we expect most of the
“mobile” impurities to not have moved from their valley. These
are indistinguishable from static impurities. However, since
the valleys are randomly located we expect to find situations
when one impurity sits in a valley, with an unoccupied valley
adistance r < r,, away. These are the “close pairs,” which are
effectively two-state systems. We may write the Hamiltonian
for the TLS as

Hrs = Ao, + oy, (A1)

where o, , . are the usual Pauli matrices, and the “up” state has
the impurity localized in one valley, and the “down” state is
the opposite. The level splitting energy A is the difference in
the binding energies of the two sites, and 7 is the overlap
integral. We take 7 = Age”« where Ag is some coupling
energy.

As A and r are properties of the impurities, we take them to
be random variables. Since we are looking for exponentially
small terms, we may take the random variables to be uniformly
distributed without incurring significant error. We take them
to be distributed in the region A € [0,A,,], r € [0,£;np]. Note
we only consider close pairs where < {;n,, and take this as
the upper cutoff on the model. This is taken for convenience so
that we may treat all impurities as point scatterers. As longer
distances correspond to exponentially longer time scales, there
is a well-defined regime in which we are insensitive to the
details of the cutoff. Since we are only interested in the
exponential dependence on r it is sufficient to our accuracy
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to set r = {;yp everywhere except in the dependence of Z, and
we do so in the remainder of this section.

The close pairs interact with the electrons by altering the
local potential. Since this depends on which site the electron
occupies, the impurity state and the electronic fluid become
coupled. This corresponds to a term in the Hamiltonian

Hisa = 3-((1+op]vn + (L= ool (A2)

Here, y is the dimensionless interaction strength, ¥ , is the
operator that annihilates a conduction electron at the position
112, and r; 5 are random positions located a distance r apart.
We now calculate the time evolution of the density matrix of
the close pair, averaging over the metallic system. This is done
most clearly by rotating the sigma matrices so that Hrrg is
proportional to o,. Working to lowest order in Z gives

Hris = Ag, (A3)

and

Heoene 5+ Ls \V 1yt i

Tsel = | 0+ 0 S = ¥ayl (A4)
(plus a sigma-independent term). Viewing the electronic
fluctuations as a random magnetic field, we see that there
is a decohering field and a depolarizing field, where the
depolarizing field is smaller by the factor Z/A, exponentially
smaller. Working to second order in the electronic fluctuations
we obtain the evolution equation for the density matrix p. If
we parametrize the density matrix by

p=1+a-s. (A3)
we may give the time evolution by
9a Az xa Ls_ 5] [1 — tanh(BA)] (A6)
— = xa——a—Z—[1—tan ,
or - TR T

where the energy A is the renormalized level splitting.
This depends implicitly on the chemical potential since the
compressibilities at 7; and r, are not equal because of the
mesoscopic fluctuations. The decoherence times 77 and 75 are
given by

2

=Y fz F(B), (A7)
A% 1 —exp(—A/T)
T, = y*Tf(0), (A8)

where the function f(€) is v=2 times the local density-density
correlator evaluated at frequency €. This is a function of
order unity, with subexponential dependence on r. We will
therefore treat it as a constant absorbed into y . The dependence
on temperature comes from the phase space restrictions on
emitting an electron-hole pair, analogous to Korringa [41]
relaxation.

The behavior of interest happens at time scales much larger
then 7,, and so the system is effectively classical. Then,
Eq. (A6) reduces to a master equation for the diagonal elements
of the density matrix f, = (1+4a;)/2 and f|, = (1 —a;)/2.
The properties of the system will depend on the linear-
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response functions. Recalling that the Keldysh function is the
autcorrelation and the retarded function is the linear response
to change in A, we obtain

2
ﬁ) [1— exp(—[t]/TD]  (A9)
T

FX¥()— FX0) = (
cosh

and

Ropy 14 21
FR(t) = o (®) —exp(—t/T)O().  (A10)
T

cosh T
Again, some smoothly varying function of r has been absorbed
into the various constants. Equation (A10) is in accordance
with the classical fluctuation dissipation theorem.

We will need the ensemble average of the F, which we
call F = ((F). Let us take the ensemble average over r first
since that contains all of the relevant behavior. For the Keldysh
component,

2 2
_ B 1 im
FE(t;A) — FX0; A) = (LA) —f "dr1
UCOSh(T) Eimp 0

— explt/foexp(—2r/a)l,  (All)

where ¢, is a short-time scale that depends on 7 and A from
the definition of 7} in Eq. (A7). This scale #; functions as the
small-time cutoff for the calculations. Changing variables to
A = exp(—2r/a) we obtain

1 [imp
— dr{l — exp[ty exp(—2r/a)]}
Zimp a
1 _ ,—At/hy
a 1—e
= 2 / 2Uimp d)\.—
Eimp e~ —a A
1 1 1 — e—kl/lg
B |1ntm/t0| to/tm A
1 1 1— —At/ty
~ / di ¢
[Inz,, /10| Jo A
logt /1t
~ log /o’ (A12)
Int,/t

where t,, = 1 exp(2€imp/a). The manipulations are valid for
times between fy and 7,,, which are exponentially separated.
The correlator has a “scale-free” dependence on ¢, which will
produce long-time correlations. The average of A only smears
out the In 1, /#y which is insignificant in our regime. The final
result is therefore

In(z/1p)
In(t,, /19)”

where we have defined the average scattering time depending
on the density of close pairs p*:

FX@t)— FX0) = (A13)

1 2o T
— =P (A14)

— tanh(A,,/T).
" ) Ao (Aw/T)
The average of F R(t) can be found simply by taking a time
derivative of FX:

1

e
O = )

(A15)
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The time t* depends linearly on 7 when T <« A,,. This
follows from the fact that only impurities with gaps of order T
will be thermally activated with any probability. This produces
the Korringa-type result that 7' 7, is approximately constant at
low temperature.

APPENDIX B: EXPERIMENTAL PROTOCOL

We briefly outline a procedure for detecting the pro-
posed memory effect, in the case of a weak effect in a
two-dimensional system. We will ignore logarithmic factors
throughout this Appendix.

Take a mesoscopic sample of a material with pronounced
1/f noise. Measure the scale of the universal conductance
fluctuations (UCF) Sycp, with magnetic field or gate voltage

51\*
Sucr={| =) ) (BD)
1
Measure as well the normalized 1/f noise Sy, s:
S =L [areosimsie B2
1/f(60)—1—2 e @)S1(1"). (B2)

The strength of the 1/f spectrum defines a dimensionless
parameter o

Siyp(@) ~ ajol ™. (B3)

The ratio of o and the UCF gives the small parameter of our
theory

B = a/Suck.

The parameter 8 is approximately the parameter (TLT*) that
defines the strength of both 1/f noise [Eq. (2.18)] and the
memory effect [Eq. (2.26)].

The memory effect would be obscured by the 1/f noise
in a mesoscopic sample. To get around this, we use the fact
that the predicted memory does not depend on system size,
while the 1/f noise decreases like 1/L2. So, using a large
sample of the same material, one could measure the memory
dip without the 1/f noise. The predicted depth of the peak in
the conductance §G is

8G/G ~ B(e*Ra/h),

(B4)

(BS)

where G is the conductance and R is the sheet resistance of
the sample.

There is no upper limit on the size of the sample used to
detect the memory dip from the perspective of our mechanism,
so the 1/f noise may be reduced to arbitrarily low levels, and
time averaging can be used to reduce noise on shorter-time
scales.

APPENDIX C: RELATIONSHIP BETWEEN CAPACITANCE
AND CHARACTERISTIC ENERGY SCALES
IN DIFFUSIVE SAMPLES

The quantity that is directly measured in experiments is
the applied gate voltage. We would like to relate this to
scaling of the memory effect in the metallic regime. The
scaling of the memory effect is determined by the ratio of
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the chemical potential §u and the temperature 7. Therefore,
we must appropriately relate the voltage and change of the
chemical potential.

Consider a sample of thickness W, geometric capacitance
per unit area C, and three-dimensional density of states vsp.
We will show that, according to our model, the width of the
memory peak AV should scale as

eWTvsp
c

AV = (Cl)

Importantly, this does not depend on the screening length,
independent of the relationship between W and the screening
radius 7.

In the limit where W < ry the answer is obvious and we
consider the limit W > r,. From electrostatic considerations,
the two-dimensional screening charge density that must
accumulate on the surface of the sample is V C. The charge dis-
tribution is determined, in a self-consistent Thomas-Fermi ap-
proximation, by the local chemical potential §¢(x). This obeys

V3D /dx dp(x)=VC. (C2)

However, the sample we are considering is two dimensional
in the diffusive sense W « £4. Therefore, an electron will
wander over the thickness of the material in a single measure-
ment. So, the quantity that matters is not the electrochemical
potential in the screening layer, but the electrochemical
potential averaged over the entire sample (or, equivalently, the
zero transverse modes of the diffuson) (see Fig. 16). Calling
this average electrochemical potential éu, we have that

S = %/dx&i)(x) = V—C

C3
oW (C3)

Combining the scaling §u ~ T and Eq. (C3) we obtain
Eq. (C1).

ou

$(x) o¢

FIG. 16. Sketch of the electrochemical potential ¢(x) as a
function of position x in the transverse direction of the sample.
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