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Dephasing Rate in Dielectric Glasses at Ultralow Temperatures
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A novel mechanism for dephasing in dielectric glasses is considered. The mechanism is due to the
delocalized collective excitations arising in the ensemble of the interacting two-level systems. The
spectral diffusion induced by these excitations gives rise to the phonon-independent transverse relax-
ation. The mechanism results in the linear temperature dependence of the dephasing rate and becomes
predominant at ultralow temperatures. A qualitative agreement with the experimental data is found.
[S0031-9007(98)05683-X]
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The investigation of dielectric glasses has revealed An isolated TLS can be described by the standard
the anomalous temperature behavior of their relaxatiopseudospin Hamiltonian
properties at ultralow temperatures. For example, the hi = —A;SF — AgiSF. (1)
standard temperature-dependent longitudinal relaxatio
rate, Tf_lph ~ T3, is well known to be inherent to the
tunneling model [1] and is due to the relaxation driven
by the one-phonon processes [2] in the two-level system _
(TLS). However, the measurement of the internal friction P(A, Ag) = ﬁ_ )
[3] in amorphous Si@ and experimental investigations Ay
of the dielectric losses in different amorphous solids [4]The interaction between the TLS in the dielectric glasses
has brought out that this dependence crosses over in@sises either from the strain field or from the direct

Eollowing Ref. [1], we accept that the distribution func-
tion for the asymmetnA and the tunneling amplitudé,
gbeys the universal distribution

71! ~ T if the temperature is low enough. electrical dipole-dipole interaction and can be described
On the other hand, a linear temperature dependence hlg the Hamiltonian

also been found for the transverse relaxation n-af[é in ~ 1 o Uy

the experiments concerning the echo-type investigation of V= D) % U(Rij)S; S5, U(R;j) = R_?, (3)

the phase memory time, in Suprasil-l at temperatures ; . .
T <30 mK [5,6] and in the orientationally disordered where R;; is t_hg d|stanqe between two TLS’. g s
systems(KBr),_,(KCN), atT < 50 mK [7,8]. The de- the characteristic coupling constant. The dimensionless

D ~ -3
phasing, induced by the phonon-assisted longitudin arameterp Uy = .10 for al thg knowr_l glasses [13]
relaxation of the TLS, should result in just the same his condition indicates that the interaction between TLS
temperature dependengd. Another and more effective 'S VETy weak.

dephasing mechanism, which is governed by the spectral Le'g us considcle_r _re'aia“ZQ OfA%Bl)fgitethLS. Wlith
diffusion induced by the phonon-assisted transition<€rtain energy splitting: = (A% + Ag) /" The simplest

occurring in the surrounding TLS, leads to the dependencfee""lx""tlon.Ch"’mm':‘I d|ffer(.ant'from the phonon-'aSS|sted one
[9,10] rz’_lph ~ T2. This mechanism is due to thgR3 'S @ hopping of the excitation from the excited TLS to
interaction between the TLS. The key role of this in- another TLS Wh',Ch 3 |ln|t|aIIy In theground state with
teraction in understanding the relaxation properties OFhe_parametersA Ao, E'. ’/'_\S a result, the firstTLS .
the dielectric glasses at ultralow temperatures has be cited before goes over mto_the grour_ld state, while
demonstrated in Refs. [11,12]. Itis shown in these paper e second TLS proves to be in the excited state. The

that a new type of delocalized multiparticle excitation ap_lnverse process also_takes place so thqt the pair of the
pears in the ensemble of the TLS interacting by &> TLS under consideration can be detected in one of the two

H /
law. In addition, it is the relaxation of these excitationsStates separated by the energy intetéal- £7|. In what

that gives rise to the anomalous relaxation properties ofPIIOWS’ 'ghese two states .Of the TLS pair will pe referred
the glasses. to as aflip-flop configuration Such a TLS pair can be

An explanation of the linear temperature dependenc&OHS'd(’:‘rEd as mew typeof the two-level system with the

for 7, ! involving the relaxation of this type of excitations asymmetryA, = |E — E']. _In additipn, as follows from
was 1given in thge paper [12]. The pur)r/)F(J)se of this LettelEqS' (1) and (3).’ the tunnell_ng a".‘p"t”de that couple_s two
is to show that the dephasing mechanism and the lineai2eS of the flip-flop configuration of the TLS pair is
temperature dependence for the dephasing rate are given by the relation [10,12,14]. ,

both closely related to the dynamics governed by these Ao,(R) = Up(R) YY) _ (4)
multiparticle excitations. r EE’
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Thus, one should describe the relaxation of the initiallylarge to be observed. So, during such a long period, an
excited TLS in terms of the transition between the stategxcited TLS would relax via the standard phonon-assisted
of the flip-flop configuration of the TLS pair. mechanism. In addition, one should also pay special

If a two-level system with the parameteksandAy was  attention that the estimation (9) allows us to conclude that
initially in the first state, the time-dependent probability toany attempt (see Ref. [15]) to link the relaxation in the
find the system in the second state is given by the solutioglasses with the single-quantum phononless delocalization
of the corresponding temporal Shroedinger equation has no real basis.

A2 The scenario of the phononless relaxation mechanism
Wi(t) = 0 . sind( /A2 + A2 ). (5) described above is valid only if every RP relaxedepen-

A? + Aj dentlyand, thus, onlywo TLS take part in the elementary
relaxation act. This assumption is valid provided one can
neglect the interaction betweelifferent excited'LS. Be-
low we will show that, because of the availability of the
macroscopimumber of excited TLS in the system at tem-
peraturel’ > 0 and due to thei-law interaction between

A, = |E — E'| < Agp(R). (6) TLS, this assumption is not valid, and the relaxation in
the ensemble of the interacting TLS is of a multiparticle
Hereafter such a TLS pair is referred to agesonant origin. In other words, one should take into account the

pair (RP). In addition, the frequency of the quantum simultaneous relaxation @ivo RP and thus théour TLS
mechanical oscillations between the states of the flip-flofyil| participate in the elementary act [11,12,14].

This relation applied to the transition between the
levels of the flip-flop configuration of a TLS pair means
that the transition probability is noticeable provided the
parameters of the TLS pair obey the condition

configuration Generally speaking, any RP has four energy levels.
-1 _ [ia2 2\ o Two of them correspond to the flip-flop configuration

4 (45 * A5p) = Aop(R) (7) mentioned above. The two rest states of the pair corre-

is completely determined by the paramesey, (R). spond to the configuration when both TLS are either in

Let us consider an excited TLS with the parameterghe excited or in the ground state. Let us explain why
Ao, E and estimate the minimum size of a resonant pai@ resonant pairfsee Eq.(6)] can be considered as a new
Rmin(Ao, E) involving this TLS. For this purpose, one type of TLS. In fact, because of the Gibbs factor one can
should calculate the average numbéiR; Ao, E] of the restrict the consideration to those TLS for whiEh= T.

TLS in the ground state with the parametés E’ which Then one should take into account that the larger the value
compose a resonant pair with the examined excited TLSf the tunneling amplitudé,,, (R), the greater the proba-
within the sphere of radiu®. Using Egs. (2), (6), and bility to form a resonant pair [see Eq. (6)]. Thus it di-

(4), we find rectly follows from Eq. (4) that one can confine oneself
, ok to the conditiomA, = E. Therefore, in what follows, one
N[R; A, E] = Ff dA’f d_Aof dr can consider only RP composed from the TLS for which
T Ay Ja Ay =E=T.
- O[Ag,(r) — A,] The states of the flip-flop configuration are separated

by the energy intervalA, = |E — E'[. In spite of

_ &FUOIn<£> (8) the fact thatE,E' =~ T one can construct an RP for
E a)’ which A,, Ay, < T. Then, even if the interactioW (R)

between these TLS is weak, the conditid), = A,

can be valid. Therefore the two levels of the flip-flop

configuration are strongly coupled [see Eq. (6)]. On the

of a resonant paiRn, is a radius within which one o_ther hand,.the rgst two levels are separated from the

can detect a resonant pair with a probability close tJlip-flop configuration by the energy interval of the order

ity, i.e.. N[R:Ag.E] ~ 1. Therefore Ryp(Aq, E) ~ of the magnitude of temperatui®, while the amplitude
unity, ‘i.e., N[ 0. £] erefore Rin(Ao, E) which couples them to the flip-flop configuration levels

does not exceed at leagt;, < T. For this reason,
these two levels are very weakly coupled to the flip-
flop configuration levels. It is this circumstance that,
. (9 in the remainder of this Letter, allows us to consider
only the flip-flop configurations of a RP and therefore
Let us note that theelaxationrate, at least, is smaller to treat an RP as a kind of two-level system with
than the rate of the quantum mechanical frequengl.  the energy asymmetnA, = |E — E’| and tunneling
Bearing in mind the smallness of the parametéf, and  amplitudeA,,(R) (4).
the fact that is always less thaik, we conclude that Thus, below we investigate the relaxation of this novel
the value of the relaxation time obtained, if any, is tooRP type of the two-level system for which the distribution

where 0 is the Heaviside function involving the reso-
nant condition Eg. (6) and: is the minimum permis-
sible distance between two TLS. The minimum size

a ex;( APU ) The rate of oscillations (7) for the pair of
such size Is given by the relation

_ Uy Ay E
Trin =~ Nop(Rmin) = P EGXP[—AOFUO
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function for the parameters, andA,, is defined as value A, (k). Picking out the strips corresponding to
@ , all permissible valuesd,,, one can cover completely
P(Ap, Agy) = <6(A,, —|E - E) the whole ensemble with the RP. Within any strip the

, RP concentration is constam.. Because of the last
X 5<Ao,, _ Y% A0A0>>’ (10)  circumstance the average distance between the RP within

R EE' ), any strip does not depend on the kind of the strip and
where the brackets denote the two averaging, namely, trE

-1/3 . . .
. ) ; 2 ualsR* = N« '~. Since the interaction between the
Gibbs averaging and averaging over the distribution o d

L " P is of the same origin as between the former TLS
the parameters of the original TLS [see (2)]. In addition,,, . ; o -
the integration over the distandeis implied, so the left- the interaction between the RP is given by the expression

; . Uy/R? [see Eq. (3)]. Therefore the typical energy of the
hand side of Eq. (10) can be rewritten as interaction between the RP within any of the strip is

]d3Rf P(A,Ag)dA dAO] P(A',A}) dA' dA)n(E) U(R.) = Uy/R: = T(PU,)*. (14)
Un AnAl Because of this interaction the RP asymmetry energy
X [1 = n(E"]S(A, — |E — E’|)6(Aop — R—;) ﬁ) A, (k) = U(R.). Bearing in mind that for any RR, =

Ao, below one should consider only the RP strips, for
(11)  which Ag, (k) = U(R.).

with n(E) = [1 + exp(E/T)]~" being the probability to The RP being a kind of TLS, one can introduce a

find a TLS in the excited state. To estimate expressiogoncept of a flip-flop configuration for two RP and deduce

(11), it is necessary to take into account that because d¢he expression for the transition amplitulg between the

the Gibbs factor the integral is determined mainly by thelevels of this configuration [which is similar to that of

region ofE =~ E' ~ T. Therefore, duetd, < E ~T  EQ. (4)]. So for the strigk one obtains that

one can omitA, in the argument of the first delta func- Aop (k) ?
tion. After these comments one can easily estimate the Ag(k) = U(R:) E,(k) | (15)
Fla2|; distribution function within the logarithmic accuracy Let us investigate the relaxation of the RP due to its
interaction with the RP of the same strip. Like the TLS
P(z)(Ap’Aop) ~ (PT) (PUo)Lz- (12) case the relaxation of the RP, being a kind of TLS,
0p is possible only if the RP within the strip are strongly
One should pay attention that the distribution functioncoupled [see Eq. (6)], i.e.,
(12) differs from (2) but also does not depend on the _ _ ol -
parameterA, at all. The distribution function (12) has Ak) _ I, (&) _E”(k)l - Aop (k). (16)
a stronger singularity at smally, than Eq. (2) at small _ Let us consider the strip for which, (k) = U(R.).

Ao. For this reason, the concentration of the low energySiNCeE, (k) = A, (k) = A, (k) = U(R.) in this case, it
RP excitations is larger (and correspondingly the averagBroves to be thah(k) = Ao(k) = U(R.). Thus the con-
distance between them is smaller) than for the initiadition (16) is valid. The rate of the quantum mechani-
TLS. The coupling constanis(R) for both TLS and RP ¢l oscillations for the RP [similar to that in Eq. (9)] is
being of the same order of magnitude, the low energy RPs = = Ao(k) = U(R.). In addition, we simultaneously
interact and relax stronger than the TLS. arrive at the situation which is responsible for the appear-
The ensemble of RP, a new kind of the TLS, isance of the infinite cluster of the strongly coupled RP.
described by the initial Hamiltonian Egs. (1) and (3). Thelf one attempts the problem in the spirit of the general
only, but a key, distinction from the initial model is that concept of the delocalization in the disordered media, de-

the distribution function (12) should be used instead ofveloped by Anderson, we conclude that the excitations in
Eq. (2) at temperatur@ > 0. Again, let us remember this cluster should be delocalized and relaxation of the ex-
that we are only interested in the RP for whish = A,,. ~ Citation within the strip takes place at the rate'.

To reveal the relaxation properties of the introduced LetAop(k) > U(R.). ThenE, (k) > U(R.), and con-
RP model, let us consider an RP strip with the SequentlyA(k) > U(R.). On the other hand, as follows
transition amplitude lying within an intervdlA,, (k) —  from Eq. (15), at any cas&q(k) = U(R.). Thus the cri-
Aop(k)/2, Ao, (k) + Ao, (k)/2], with Ag, (k) being equal terion _(16) is not fglfllled and relaxation of the RP within
to any permissible value of;,. One can estimate the the strip of such kind does not take place.
concentration of the RRV, within this strip taking into ~ Thus only the RP within the strip characterized by the
account the distribution function (12) as tunneling amplitudeA, (k) = U(R.) do relax, and the

N, = (PT)(PU,) = N.. (13) relaxation rate |iequal to -
An important conclusion should be made. The RP 7. = UR) = T(PUo)". 17)

concentration in the chosen strip, marked by the index The relaxation of a RP is nothing else but a relaxation
number k, is completely independent of the chosenof two TLS. For this reason, the relaxation of the RP
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combined with thel /R? law for the interaction between ferent material(KBr);_,(KCN), which is known to ex-
the TLS gives rise to the spectral diffusion meaning thehibit glassy properties [8]. Here again the linear tempera-
dephasing in the system. ture dependence for; ' was revealed forr = 0.08 at
Let us consider the time-dependent fluctuation of thel' < 50 mK. These experiments are in agreement with
phase at an arbitrary probed TL8P(¢), induced by the the result obtained in this Letter.
energy-splitting fluctuatio® E(¢). The proper dephasing  Thus, our approach for the dephasing rate in the
time 7, should be estimated from the relation amorphous systems indicates the decisive role of the
. . long-range interaction between the tunneling centers and
8®(r2) = mOE(my) ~ 1. (18) strongly supports the existence of the novel relaxation
First, let us calculate the energy-splitting fluctuatifi(z)  mechanism in the glasses considered in [11,12].
within the time intervalt = 7.. The overall number of The research described in this publication was made
the RP and therefore approximately the number of theossible due to the financial assistance from the RFBR
TLS undergoing the transition during the intervak= 7.  (Grant No. 96-02-18346), and from the Dutch Organiza-
is of the order of the magnitude &f.. Bearing in mind tion for Scientific Research (Grant No. NWO-07-30-002).
the fact that every RP experiencing the transition at the
distancer from the probed TLS contributes a valtgr)
[see Eg. (3)] into the energy-splitting fluctuation for the
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