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Experimental tests for the relevance of two-level systems for electron dephasing
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The relevance of tunneling two-level systerfillS) for electron dephasing in metals is analyzed. We
demonstrate that if the concentration of TLS is sufficient to cause the observed dephasing rate, one also should
expect quite substantial effects in the specific heat and ultrasound attenuation. In both cases TLS contribution
should dominate the electronic one at low enough temperatures.
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Physics of two-level systemdLS) in disordered metals TLS in glasses are important up to the temperatszéd$ K.
has been discussed extensively, see for a review Ref. 1 and the corresponding energy interval the distribut{E) is
references therein. Recently this field has been revisited insually assumed to be a constant. Everything we will be
connection with experimerftd on inelastic relaxation and speaking about is determined by typical TLS rather than by
dephasing of electrons in mesoscopic conductors at low tentails of the distribution. For this reason, it is sufficient to
peratures. Apparent saturation of the inelastic relaxation andssume thaP(E) is constant in a given energy interval and
dephasing rates at—0 is a subject of ongoing discussion. vanishes outside iR(E)=(n/E*)®(E* —E). Heren; has

This paper is not a review of the whole spectrum of points ofy meaning of the TLS density. In metallic glassds*
view. We analyze only one of the proposed explanatfhs, =10-20 K, and the TLS density of states/E* is deter-

based on the interaction of conducting electrons with defectgined from the experiments on specific heat and acoustic
possessing internal degree of freedom. Although the SpeCifiﬁttenuationnT/E* ~10% cm 3 KL

structure of the defects can be quite complicated, the authors | et ys start our discussion with the distribution of these

of Refs. 4 and 5 model them by TLS. The TLS-inducedparametersP(E,p), which follows from the experimental
dephasing has been related t6 hbise in Ref. 4. ~ data on dephasingThe striking result of Ref. 3 is saturation

In this paper, we examine this explanation in comparisonys tne dephasing rate_* in gold wires as a function of
with the experimental results on the dephasing. In partiCUIartemperature below ap(E)roximateTl;/ —1 K. The authors
we estimate the TLS concentration, and strength of their cous|im thatr (T) dependence remains weak down at least to
pling with electrons required to describe the experimental- —40 m(’k. Contribution tor-! of a TLS with T....>E
data. Both the concentration and the coupling turn out to bgm'”min is obviously temperaturéadependent. Conseraaaently, as

large enough to make noticeable effects on other ProPerties, /as done in Ref. 4, one has to require the energy distribu-

tor;g;i::n::g'nﬂzﬁg?mim Wrees?esrglcr:gaé? '?Egc\;\f/lifhh[ﬁgtc%%dceur:“on to be at least three orders of magnitude narrower than
’ P . that in metallic glasse&* <T,,,. It is not impossible that in
tration that follows from the observed dephasing rate. Obser- : .
. ” ? ordered systems such as crystalline wires TLS are much
vation of these effects would be a critical experiment for the L ;
; more similar to each other than in glasses and thus have
TLS-dephasing theory.

: . . . much narrower parameter distributions. However, the nar-
Each of.the TLSis characterlze_d by a d!a9°”?" splitiing rowness of the distribution should manifest itself in physical
and tunneling parametéx. Introducing Pauli matrices; we

. L properties.
can write the TLS Hamiltonian as To describe dephasing by TLS let us include the electron-

TLS interaction to Eq(1). A conventional wayis to express

it as Hjw=Vo,, whereV has the meaning of the difference
Hereo; are the Pauli matrices. It is convenient to change thébvetween scattering potentials in the “left” and “right” po-
variables fromA, A to energy splitting between the two lev- sitions of the defect. After changing the variables to the set
els, E= A%+ A2, and projectionp=(A/E)2. As the very (E,p) we have

existence of TLS is caused by disorder, the paramé&ensd

p are randomly distributed. Assuming thatand InA are Ho=V “Vel-p 3
uniformly distributed and uncorrelated, we obtain the con- =V p+Vo, P- ©
ventional distribution ofE and p for glassy materials, cf.,
with Ref. 6,

Ho=(AI2)o,+ (AI2) oy (1)

As only the first term in Eq(3) causes dephasing, the con-
tribution of a given TLS is proportional tp. As a result, the
P(E) dephasing is determined by TLS wigr 1. This is in con-
P(E,p)= ———. (2)  trast with the TLS specific heat where integration oyer
2pVi-p yields a large logarithmic factdr.
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In contrast with a static defect, TLS causes inelastic scattimes At the same time, a§>E* the TLS contribution
tering of electrons, the energy transfer beiigrhe inelastic  rapidly decreases with temperature increase. Consequently,
relaxation rate M, can be expressed through the inelasticthe ratioC/T changes dramatically d&i~E*, being almost

scattering cross sectiomnz4wx/k§ as constant both aT<E* and T>E*. This effect provides a
5 possibility to experimentally determine boEt andny.
Urn=veopnt=4mxvenT/Kg. (4) Another independent way to determine parameters of TLS

H . . is the study of the acoustic attenuation. The advantage is that
erevg and kg are the Fermi velocity and momentum, N N
parameterg andE* are relevant even dt>E*. Moreover,

respectlvgly. Import_ant dlmen5|onless.par.ame(t.§¥1 has it is well known' that there is almost no ultrasound attenua-
the meaning of the inelastic cross section in units of its uni-

tary limit 47T/k,2:. It follows from Eq. (4) that the ratio be- tion due to free electrons and phonons at low enough acous-

W the TLS rati d the elect ; tic frequency and temperature. Therefore even low concen-
een the concentratiam; and the electron concentra- yation of TLS provides dominating contribution.

tion ne=k/3? can be estimated as There are two contributions of TLS to the attenuation.

_ The first one is a direct interlevel absorption of acoustic

Nt/ne=(37/8) (A €rin). ®) quanta known as the resonant mechanism. The second, re-

laxation mechanism arises from acoustic wave-induced time
dependence of the energy splittiktg Nonequilibrium com-
ponent of the TLS population, which is caused by this de-
glndence, relaxes due to electron-TLS interaction. This re-
laxation produces acoustic attenuation.

To evaluate the powel dissipated per unit volume of the
- 1, E*r,>h metal we make a usual assumpfighat the ultrasound af-
— s 213 . (6)  fects only the diagonal part of the Hamiltonian Efj): Ao,

7o ((B*mnlf)™  EF7p<h. is substituted by 4 +a coswt)o, wherew is the ultrasound
Assumingr,=3 ns andE* ~20 mK>1/(3, ng, we obtain frequency. In the basis where the unperturbed Hamiltonian
for e.=5 eV the estimaten;/n,~3x10 8. For n,~3  Eq.(1) is diagonal, the first-order perturbation can be written
X 1072 cm~2 the TLS density of states turns out to be of the@S & Sumacosot(o;y1—p+ ox\p). The two terms lead,
order of (11/E*,cm3 K~ 1)~5x 10 . At E* 7,<h the respectively, to the relaxatlo_n and resonant attenuaW}g,_
above estimate should be multiplied by a large factordNdWees. Note that the off-diagonal part of the perturbation

Provided thatE* 7,>#, each inelastic scattering event
causes dephasing. Therefore, the dephasingrater;,. In
the opposite limitE* 7,<7%, many inelastic scattering events
are ggeded to destroy phase coherence. As a result, in gen
case’

(RIE* 7,)2>1 vanishes ap— 0, and thus the integral overis determined
[ : N . - .
Let us compare the contributions to the specific heat ofY P~ 1. ThereforéVsin contrast withC does not contain
TLS, C+, and electronsC,: the large logarithmic facto£. This factor does not appear
T € in W, either for the same reason as it did not appear in
Ce=3n,.T/2¢r, 7) 1/7,~TLS-electron relaxation rateg vanishpt 0.
In the absence of TLS relaxation one can calculate the
nTL [E* 1 <1 contribution to W from one impurity i characterized by

f (8) (pi ,E;) using the Fermi golden rule

™ T

= ’ f(x):[x3/12, x<1.

(i) = 2 . : _E.
Large factor>1 appears in Eq8) due to the fact that, in MWred @) = (ma’12) wp; tanh(E/2T) S(h o~ ). (10)
contrast with the case of 4/, even very “slow” TLS con- Herefiw is the energy transfer, and the factor appears
tribute to the specific heat. We think that this fact was notbecause the transition matrix element is proportional to the
fully appreciated in Refs. 4 and 5. Formallg, originates  tunneling couplingA, while the factor tanf;/2T) is the
from the logarithmic divergence of the integrielP(E,p)dp  occupation difference of the two levels with the distafige
at p—0. The actual limits of this integration are not well =% w.
understood. Usually this factor is estimated a3 Interaction of TLS with electrons broadens the resonance.
= IN(texp/ Tmin), Wherete,, is the measurement time while One can take this broadening into account replacingdhe
Tmin IN the minimal relaxation time of TLS population. A function in Eq.(10) by Lorentzian7 T /[ (hw—E®")?2

realistic estimate i€~ 20-40. +(I'M)2]. HereT is the TLS off-diagonal relaxation rate
It follows from Egs.(7), (8), and(5) that at high tempera- which is an analog of the rat®/T, in the physics of spin
turesCy is negligible, whereas at<E* resonances. As each inelastic process leads to simultaneous
relaxation of a TLS and an electron, the rateis directly
Cr/Ce~(LIX)(RIE* 7). (99  related to the electron inelastic relaxation rate, &y, and

thus is determined by the same dimensionless inelastic cross

For our exampleC+/C.~0.1L/ . sectiony, see Ref. 1

The dimensionless cross sectigrcan be estimated from

re;laxation acoustic at.tenuation, see, e.g., Rgf. 1 and .discus- D= ypE;/[2 tanKE;/2T)]. (12)
sion below. In metallic glasses such an estimation gives
=0.01-0.1. TakingC=30, y=0.03 we conclude that at The relaxation contribution is given by the Debye-type

low enough temperatures exceeds by about a hundred formula, see, e.g., Ref. 10,
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. wa? o(1-p) 24 the acoustic attenuation has been successfully measured,. one
5W§Q,= - " YR (12 should expect rather large effect. Comparing the relaxation
4T cosi(E/2T) w®+ (2l /%) contributions  one  finds W,e /Wy~ (ny/PymaxE* T})

L . . . =10+ 10°min(1E*/T).

The totaj dissipated power per unit volume is optamed by According to several publications, see Refs. 11 and 12 for
the averaging of Eqd10) an_d(12) over p; and Ei with the . a review, in real metals interaction of TLS with electrons
d|str|put|on(2). For presenting the results, we introduce d"may cause two-channel KondBCK) effect with rather high
mensuinless frequencszﬁw/Ef _and temperature (1-10 K) Kondo temperatureT,. For T<Ty, the cross
02|T/E WI?] thef]e ']Eerms the total dissipated power per unitg o for inelastic scattering reaches the unitary lirgit,
volume as the form =1 in Eq.(4). It was suggested in Ref. 5 that the experimen-

W= (na2/25)QF (x.Q,0), E=F.tF.. 13 tally observed temperature independent dephasing rate is a
(N1 JOF(x.4.6) rest Fren (139 manifestation of the 2CK effect. We are convinced that pos-

where the dimensionless functions are given by sible values ofTk in real metals are several orders of mag-
nitude lower than the estimates of Refs. 13 and we presented
s dxdpyxp(1—p)~ 2 a detailed discussion in a separate pdftle believe that
Fres= 0 Jo 4(x— Q)2+ (xxp)?tanh 2(x/ 6) (14 electron-hole asymmetry discussed by Zawadowski and

Zarand® in cond-mat/009283 and does not change the above
— . conclusion, see detailed discussion in our cond-mat/
= fw x0ydy 1 dpy1—pQ sinhy . (15  0102513. Nevertheless, in a context of a phenomenological
o 2coshiyJoQ?tanify+ (xpy6)? speculation it makes sense to examine the assumptions be-
hind the explanation of Ref. 5 and to discuss whether those
Equations(13)—(15) determine frequency and tempera- agssumptions manifest themselves in other observable quanti-
ture dependences of the ultrasound attenuation. We see thads such as the specific heat and sound attenuation.
W depends upon two tunable parametélsand 6. Thus the Let us adopt the simplistic model of Ref. 5 and character-
investigation of frequency and temperature dependences gfe the TLS’s by randomly distributed Kondo temperatures
Qres provides a possibility to extrade* and x, see below T, and the “bare” level splittingA. The distribution
Egs.(16) and(17), without an independent measurement of (T, ,A) can be written as
parametei.
First, we analyze the relaxation attenuation. Since in Eq. P(Tk,A)=(nt/A*TRP(T /T ,AIAY), (18
(15 only y=1 andp<1 are important, to make an estimate
one can expand tanhand neglecp in y1—p. The result
can be conveniently approximated as

rel

where Tg and A* are some cutoff values for the Kondo
temperature and the splitting, respectively. The dimension-
less functionP(x,y) is assumed to decay rapidly enough at
F o (v/Ominf o1 0= Q _ 1 x>1 ory>1 and to be normalized,;dx/sdyP(x,y)=1.

el (/1) min{ 6,13, max 2, x 0} (16 In particular, we neglect the effects of the anisotropy in the

Similar approximation of Eq(14) yields coupling constants of TLS’s with electrons. This simplifica-
5 5 tion does not change final results qualitatively.
—xInQ+0Q/maxQ,0}, Q<1 Each TLS is characterized by its inelastic cross section,
Fres= ~ ~ (17 ) - ) )
X192, Q>1. o= (4m/k2) Y (TOIT,AD/T), (19

As one can see, at high frequencies and temperatures t%here superscripi) labels a particular TLS, ang(x,y) is a

relaxation mechanism dom_lnate_zs, Wher_eas at lowest teMperginensionless function with the following asymptotic behav-
tures the resonant mechanism is more important. It should %r (we omitted numerical prefactrs

noted that the two contributions W can be effectively sepa-
rated in experimental studies of nonlinear attenuation. In- 1, x>1, y?<x;
deed,W,qs is well known®! to be suppressed by relatively

weak ultrasound, so that only the relaxation contribution re- X(xy)=1 Xyt x>l x<y?<x (20)
mains. According to Eq916), the frequency and tempera- L, otherwise;

ture dependences of the attenuation differ qualitatively for

hw=xT and ho<xT and for T<E* and T>E*. This L=[Inmax{ 1/x,y/x}max Ly In max1/x,y/x})] 2.

should enable us to determine the parameiessd E*.

Let us compare the estimated valué/@ivith the acoustic
attenuation in conventional metallic glasség assuming
that the parametemsand y are the same. It turns out that the 7o 5
resonant contributions are related as TLS densities of states —=f dxdyRX,y)x
at the energyhw. We have already concluded that the e
explanatiofi of the experimentsrequires the TLS density of where 1#0=47-rnTvF/k§ is the maximal rate of the electron
statesn;/E* to exceed its typical value for metallic glasses scattering off a TLS. Using asymptotic expressi@@6) in
P4 by one-two orders of magnitudeAs in metallic glasses Eq. (21) we find

Combining Eqs(19) and(18), one obtains for the dephasing
time 7, the expression

T A" 21)
XTayT 1
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min(1,T/A*) .

7o 2 * * [T*\71' T>TK;
— = In’{max(T/T{ A% IT)] (22)

min{1(TTE)YHA*}y,  T<TE.

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 63 201401R)

rate (11) for the individual impurity (i) in the
regime mir{A(‘),(A(‘))_le(')jKT can be estimated a§(
=# "t maxT/In(TITY), TV}, Using such rate angp=0 in
Eq. (12), and averaging the result with the help of E&8),
we obtain for the most realistic range of frequencias

According to Eq.(22), the saturation in temperature depen- <T

dence ofr, is possibleonly if A*<Tg . The corresponding
temperature region isA*/TE)2<T/Ti<1. Temperature

saturation ofr, was observed in Ref. 3 in the interval 40
mMmK<T<1 K. This indicates that the distribution of the level

splittings required for the phenomenology of Ref. 5nist

nta’o hw 1, T<Tg:
T T (InT2TTE, T>TX.

(23)

This value is smaller than the corresponding result in glasses

typical for metallic glassebut rather narrow with the upper by a factoriw/T , which once again makes it difficult to
boundaryA* =200 mK. Therefore, the assumption about un-observe.

usually narrow level splitting distribution is intrinsic both for

In conclusion, we demonstrated that if the concentration

Refs. 4 and 5. In this respect, the difference in physical asof TLS is sufficient to cause the observed dephasing rate, one
sumptions in these references appears quantitative rathalso should expect quite substantial and specific effects in the

than qualitative—both interpretations of the d4taply that

specific healC and ultrasound attenuatiofv. In both cases

TLS'’s in the gold wires are essentially different from those TLS contribution should dominate the electronic one at low

in metallic glasses.

enough temperatures. These effects persist providedTthat

Accepting the model let us now discuss the specific heat > Ty , whereTg is the mean Kondo temperature. In the op-
and acoustic absorption. The specific heat for a particulaposite limit, which corresponds to the developed two-

TLS CO=(T/TO)INTOT at AMYTP<T<TY 15 1t
yields the specific heat similar to E() with y=L=1 and

channel Kondo effect, TLS effects db and W seem to be
relatively small. We do not think, however, that the lirit

E*=Tg . Therefore, the TLS can produce the correction to<Tj is possible to realize at the experimentally accessible
the specific heat of the order of 2%, which is difficult to temperatures, see Ref. 14 for the detailed discussion. For this

detect.

reason we believe that the absence of the TLS contributions

Sound attenuation of the TLS in Kondo regime happengo C and W would mean their irrelevance for the dephasing
mostly due to the relaxation mechanism. The relaxatiorrather than a realization of the two-channel Kondo scenario.
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