LUKJIOTPOHHOH 4YactoTre. Ilpu yBesuueHHM NOABIXKHOCTU OCUMWJLIALUM YCHUJIMBA-
JIICh C POCTOM MOIIHOCTH IaJialollel BOJHEL, U IIPH HU3KUX TeMIepaTypax COIpo-
THBJICHHE (U1 XOJUTOBCKHX OOpAsLOB) WM IPOBOAMMOCTD (/I KOPOHMHOBCKHX
06pasioB) ucuesanu [3, 4] B KOHCYHBIX MHTEpPBaTaX MarHUTHOTO IMOJIS, PUC. 2.
Peanusanus Takux «Oe3qUCCHIIATHBHBIX COCTOSIHHUI» BBI3BaJIa JIABUHY TEOpETHYE-
ckux pabort. IlpensoxeHHbIe B JIATEpaType CLEHAPHU IO3BOJIAIOT Ka4EeCTBEHHO
MOHATh DAl Ba)KHBIX OCOOEHHOCTEH oOCy:kaaeMbX 3((eKToB, HO YHOBJIETBOPU-
TeJIbHOE OOBSCHEHHE B HACTOAIIEE BpeMs OTCYTCTBYET.

B korne 2003 r. B aHAIOrMYHON cHCTeMe OOHApy)KeH [5] emie OMH THI OC-
IJUIAIUNA MarHUTOCONIPOTUBIIEHUs, HHAyLupoBaHHbX CBY-usayuenuem, puc. 3,
U NEepUOANYECcKUX 1o B, puc. 4, KOTOPbIl 00BACHEH BO30YXKIEHIEM KPaeBbIX Mar-
HHUTOIJIA3MOHOB.

JloKJtaj, IOCBAIIEH 0030py MOJIyYEHHBIX B 3TOH 00JIACTU 3KCIIE€PUMEHTAJIbHBIX
pe3yJIbTaTOB U IOIBITOK MX TEOPETHYECKOro OcMbICieHus. Pabora mopaep:kana
rpaatamu POOUN n OPH PAH.
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Puzzles of low-temperature electron dephasing

V.1. Kozub
Ioffe Physico-Technical Institute of RAS, St. Petersburg, Russia

As early as in 1984, studying weak localization correction to the conductiv-
ity of InyO3_,, films Ovadyahu [1] has found a puzzling behavior of the electron
dephasing time 7, as a function of the static disorder. Namely, for a given tem-
perature 7 ! was scaled with a sample conductivity. This result contradicts the
naive considerations that the disorder should lead to an increase of any scattering
rate. While the similar behavior was predicted by Schmid [2] for electron-phonon
scattering in dirty metals, in the experiments of [1] such a mechanism was ruled

out by the observed temperature dependence of 7, (~ 1/7" at temperatures about
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10 K). To the best of our knowledge, the behavior has not obtained a relevant
explanation until now.

Recently the question seems to arise again in relation to the problem of appar-
ent low temperature saturation of the weak localization dephasing rate which has
been extensively discussed during last years, for a review e. g Ref [3] Namely, the
correlation [3, 4] between the “saturated” dephasing rate, 7!, and the diffusion
constant D was reported.

This report aims to show that the correlation mentioned above can be explained
within a framework of the model of tunneling states (TS) proposed in Ref [5] and
considered in detail in Ref. [6]. According to this model, the dephasing is produced
by dynamical structural defects with two (or more) configurations with very close
energies. Due to interaction with a thermal bath these defects switch between the
above states producing time-dependent fields acting upon the electrons.

There exist two mechanisms of electron dephasing due to dynamic defects. The
first one is induced by direct inelastic transitions between the levels of the TS lead-
ing to a possibility of determining the actual path of the electron, and consequently
to loss of interference. The second one is due to relaxation dynamics of dynamic
of TSs, which fluctuate due to interaction with the thermal bath. Time dependence
of the electron scattering crossection due to the defects fluctuations leads to vio-
lation of the time-reversal symmetry and, as a consequence, to decoherence. The
effective Hamiltonian of a TS,

Hy= (Ao —ANor)/2, (1)

is characterized by the asymmetry, A, and the tunneling matrix element, A. Since
these parameters are random, their distribution, °(A, A), is crucially important.
In crystalline materials, it is naturally to assume that the TSs keep intrinsic crystal
symmetry. As a result, the A-distribution is limited from above by some value A,.
To keep the model simple it is sufficient to assume that 2P(A, A) < §(A — Ay).

To evaluate the distribution over A let us assume [5] that the distribution is due
to some mesoscopic disorder around a generically symmetric defect and consider
adiabatic renormalization of the site energy ¢; of one of TS component due to
conduction electrons scattered by some defect i, [5]

sz“(l cos 0)
= ViR Z
14 1 R]»L 1+€Ek er)/ksT

Here 6 = Z{k,Ry;}, f; is the scattering amplitude by the ith defect, Ry, is the
vector connecting the sites 1 and 4, while V] is the potential of the defect 1. This
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correction is due to Friedel oscillations of the electron density induced by the
defect 7. Assuming that the scattering potentials for the defects 1 and ¢ are the
same we get an order-of-magnitude estimate for this quantity as

[V|* cos(2krR1s)
er  (kpRy)?

€1~ —

Now let us consider a TS formed by the site 1 and some state 2, such as Ry <
Rii, Ry;. Then the effective two-level system acquires the diagonal splitting A; =
(e1; — €2) given by the expression

N 2|V|2 sin(kFRlz,u) . Sln(szRz)

A(Rla ﬂ) e (kFRz)?’

(2)
Here R; = Ry; = Ry;, u = cos Z{Ry2,R;} . The probability to find a TS with the
splitting A is then

1
W(A) :27md/R2dR/1du6[A—A(R,u)] . (3)

Here ng is the density of defects, while A(R, p1) is given by Eq. (2). The density
of TSs is given as PP(A) = NpsW(A) where Npg is the density of TSs. Note
that the integral in Eq. (3) is determined by R < NBI/ 3 since the contributions of
different defects have quasi-random signs, the main contribution being due to the
nearest defect.

A straightforward analysis shows that there is a characteristic energy

E*:\VPnd%LiN% @)
erk, 2T Top D

where 7, is the elastic mean free time. At A >> E* the probability W (A) decays
o E*/A?, while at A < E* the function W (A) is smooth. As a result, we arrive
to the model for the density of TSs adopted in Ref. [6],

P(AN) ~ (Nrs/E) (A - A). (5)

As shown in Ref. [6], the two of the contributions to the dephasing rate 7 !
can be estimated in the relevant temperature region as

Toin ~Th ' = vrs(Ao/E) (6)
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for “inelastic” channel and

Toe ~Tx (Ta /1) ()

Thus the resulting rate can be written as an interpolation

7;1 :7'/\_1 [a(TTA/h)1/3+C]. (8)
Here vrg is the effective collision frequency with the tunneling defects, o and ¢
are constants of the order 1. Since 7, ' o« D we conclude that for a fixed number
of tunneling defects the “saturated” dephasing rate increases with the diffusion
constant D, the corresponding dependence of 7 ! tends to direct proportionality
when the two items in Eq. (8) are comparable.

To make estimated we rewrite the expression for vrg in the form

vrs = JS’UF’I”Ld (9)
where JS is the cross-section of elastic electron scattering by a dynamic defect.
Correspondingly, the key parameter of our theory, 75, is given as

T = AgPaojyvr (10)

where P; = ngy/E* is the density of states of the dynamic defects.

The density of states P; can be, in principle, estimated for a given material on
the base of point contact measurements. Namely, metallic point contacts are known
to exhibit, first, telegraph resistance noise[7] and, second, zero-bias anomalies [8];
both effects are expected to be associated with the dynamic defects [7, 8, 5].

Although we appreciate that the material preparation procedure can signifi-
cantly affect the defect system, we believe that such experiments can provide
more or less reasonable estimates for P;. The telegraph noise studies [7] for
Cu nanoconstriction with a size of ~ 10 nm revealed a presence of about sev-
eral dynamic defects at energies less than 10 mV. This would give us the value
Py ~ (3—5) x 1032 erg~'em~!. However, the telegraph noise is related to TLS
with rather slow relaxation rates (< 103 s~!) while we are interested in the defects
with switching times of the order of 10~ s. Consequently, these estimates most
probably significantly underestimate P;. What is more instructive, the magnitude
of the resistance noise revealed rather large defect asymmetry corresponding to
the estimate o3, ~ 09 ~ 1015 cm?.

We believe that the zero bias anomalies can give more reliable information
concerning P;. The magnitude of these anomalies for Cu nanoconstrictions|8]
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of the same type as mentioned above corresponds to a presence of several tens
of TLS at the energy region about 1 meV [8, 5]. Correspondingly, one obtains
Py~ (3—5)x10* erg~lem 3.

Basing on these estimates and taking Py ~ 103 erg~'em 3, o5, ~ 10715 cm?,
vp ~ 108 cm/s, and Ag ~ 10 mK we obtain 75 ~ 1077 s. Equatlons (9) and (10)
yield T) ~ Ap. Thus at temperatures larger than 75 ~ Ag ~ 10 mK one expects,
according to Eq. (8), temperature-independent contribution of resonant processes.

For the relaxation channel, one obtains T,, ~ T3 ~ 10 mK. Consequently, at
T 2 T, = Tp = 10 mK one expects that dephasing rate obeys Eq. (8) with
TA 1079

Now let us check if our assumption Ayg ~ 10 mK realistic. We will exploit a

crude estimate - ) qa
Ao~ —2 exp (——/ dr 2MU(r)> (11)
T h 0

where U(r) is a potential relief between the two stable defect positions sepa-
rated by a distance a, and M is the defect mass. Taking as an example U(r) =
(Uv/2) [1 — cos(2nr/a)] one obtains for the exponent (2a/mh)\/2UgM. Taking
for a light defect wyp ~ 10'% s~! and assuming a ~ 10~% c¢m, Uy ~ 0.2 eV one
estimates that the value A = 10 mK is achievable for M ~ 2 x 102 g which
corresponds to atomic weight ~ 10.

Summarizing our estimates, we can conclude that for realistic parameters of
the dynamic defects one can indeed expect a slow temperature dependence of
the dephasing rate given by Eq. (8) crossing over to a rapid decrease at low tem-
peratures. The crossover temperature, as well as the behavior below than that
temperature, depends on the distribution of A. For a delta-like distribution of A
the TLS spectrum has a gap of Ag. Thus the TLS contribution to dephasing rate
is exponentially frozen out at for T < Ay, and we are left with the “standard”
mechanisms like electron-electron scattering. However for the Gaussian distribu-
tion of A with the variance A > 1 the situation is different. In this case the
cut-off temperature is given by the renormalized tunneling coupling, Age® while
for lower temperatures one deals with rather flat distribution of A within the region
A < X + A Correspondingly, at these temperatures one deals with a glass-like
TLS distribution for which 7, oc 7.

One notes that the correlation between the dephasing rate and diffusion co-
efficient does not depend on the fact of “saturation” of dephasing. It depends
only on the two assumptions: (1) the density of dynamic defects is given, (2) the
density of states is proportional to 1/E* where the scatter of the defect energies
E* is controlled by the disorder. Consequently, if the two factors mentioned above
are at the stage, the correlation between 7 ! and the diffusion constant D should
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exist not only in the region of “saturated” dephasing. Here we return to the re-
sults obtained for three-dimensional low-resistivity In,03_, films [1] where the
observed temperature behavior of 7, corresponded to 7 I > T. We would like to
note that the systems in question, first, exhibited rather strong disorder (the elastic
mean free times as small as (2—5)-10713 s), second, some particular disorder was
expected to be related to oxygen non-stoheometry distribution. These systems are
expected to be some different from the ones where the saturation of dephasing
was typically studied (see e.g. [3, 4]) and which we mostly had in mind in our
paper [6]. First, in the case of In;O;_,, there is a probable candidate to the role
of the mobile defects — oxygen atoms, the number of relevant ones is expected
to be fixed for a given x. Then, the large degree of disorder makes it possible to
expect that the barriers for the “mobile” defects are also affected. In particular, the
expected magnitude of the Friedel oscillations is also expected to be much larger
than for typical metallic crystals and their effect on the barriers can be significant.
As a result, the potential for the “mobile” atoms can be equivalent to the “glassy”
one allowing in particular “soft” configurations with weak barriers. If so, the
relaxation rates for the TLS are expected to have a temperature behavior typical
for glasses — 7! oc T — although at the same time the density of states is still
scaled with a degree of disorder. These considerations explains the experimental
results by Ovadyahu [1].

To conclude, we have demonstrated that the model of tunneling states formed
by light defects in crystalline conductors and affected by electronic mesoscopic
disorder can explain both of the puzzles mentioned above — that is low temper-
ature saturation-like behavior of the dephasing and the correlation between the
dephasing rate and the static disorder.
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