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On the nonperturbative theory of pure dephasing in condensed phases
at low temperatures
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Alberto Suarez
Center for Nonlinear Phenomena and Complex Systems, Univéibite de Bruxelles-
Campus Plaine-C.P. 231, 1050 Brussels, Belgium

(Received 21 June 1996; accepted 10 September) 1996

The nonperturbative treatment of the pure dephasing problem studied by Osad’ko and Skinner and
Hsu is reexamined. It is found that these treatments are inadequate for very low temperatures in the
case of Ohmic friction. New nonperturbative methods are used to expose interesting pure dephasing
behavior at very low temperatures in this case. The methods are shown to coincide with the previous
theories at higher temperatures. The experimental detection of such phenomena is discussed.
© 1996 American Institute of Physids$0021-960806)50647-1

I. INTRODUCTION We thus wish to investigate the intermediate time effects

i at very low temperatures in the pure dephasing problem. In
The relaxation of a two level system coupled t0 a quanyjgingso, we will introduce a method distinct from that of
tum mechanical heat bath has been a topic of great interest §s59'ko and Skinner and Hsu that is valid for all times

the past decade. One aspect of this S?Ejem_ is the therm@hyiie remaining formally exacti.e., nonperturbative This
broadening of the zero-phonon lif&PL), " which is inti- iy ajlow us to probe the intermediate time regime for very

matelg connected to the “pure” dephasing of two quantumyq,y, temperatures, and to assess the relevance of the results,
levels? Such dephasing arises from a system-kathctron- if any, to experiments.

phonoﬁ coupling that is diagpnal in the system states, lead-  \ye focus on the case of the Ohmic b&tHhis is done

ing to the decay of the off-diagonal element(t)] of the ¢4 several reasons. First, the results for the Ohmic bath are
reduced density matrix. The study of this problem was adyhe most interesting. Second, while the Ohmic case is often
vanced by Osad'kBwho provided a nonperturbative expres-  nreqjistic for condensed phase optical dephasing experi-
sion for the decay of the off-diagonal element of the reduceq,ants at low temperatures, we will argue that the effects

density matrix for two quantum levels coupled quadraticallyncoyered here may indeed manifest themselves in a variety
and diagonally to a bath of quantum mechanical harmonigt eynerimental settings. From a theoretical point of view,
oscillators. Using a different approach, Skinner and Hsu e is known about the behavior of quadratic system-bath
were able to. rederive the resu_lt of Osad’ko,_ and then “,Segoupling in the Ohmic castWhile the pure dephasing prob-
this result to interpret the experimentally obtained absorptiong, is certainly much simpler than other related problems

zero-phonon line shapes for. dilutg impurities .in crystals.(e_g_, the spin—boson probl&man exact solution could give
Good agreement was found in various cases, including thgsight into the nonlinear effect of an Ohmic bath in more

dephasing induced by acoustigptical, and pseudolocal - jemanding problems. Last, we wish to study the Ohmic case
phonons’ The derivations of Osad’ko and Skinner and HsUpecqyse it is a paradigm for the simulation of systems with
are correct only in the asymptotic regirtee 7,, wheren, is a5 apundance of low frequency modes, such as liquids, pro-

the relaxation time of the bath. As is well known, at low (oins and polymer® The methods we employ are flexible
temperatures compared to thg phonon frequencies, the ballyough to treat any spectral distribution of bath modes. In
takes on two distinct timescalédhe first is the “mechani- e next section, we will study the case of linear electron-

cal” scale 1k, wherea, is the upper cutoff frequency for  nhonon coupling in some detail. In Sec. 111, we will discuss

the bath modes. This is the same timescale that governs thgme nossible settings where these results may be relevant.

decay of bath correlations at high temperatures, and is USys gec. v, we treat the quadratic electron—phonon coupling.
ally on the order of 10—100 ps. The second time scale is th§, sec v we conclude.

guantum-thermal scalgfi, which may become significantly

longer than the mechanical timescale at very low tempera-

tures(T~10 mK and lowey. Since the theories of Osad’ko

and Skinner and Hsu are exact only in the limit of timesl!l- LINEAR ELECTRON-PHONON COUPLING
much _greater than _the larger of the two scales, interesting We begin with the Hamiltonian for a two level system
behavior may be missed at very low temperatures. At such : . .

. . coupled linearly to a bath of harmonic oscillatdfs=1)
temperatures, the quantum-thermal times scale is on the of-
der of 10 ns or longer, and thus ;uch be_haV|or may be ob- H=wo|1)(1]| +Hp+Al1)(1], (1)
servable by modern spectroscopic techniques, e.g., photon
echoes. where
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t - 2 (= sin wt
HbZE oy, o(t)=exg —ij wgt+ — f dwd(w) >
k m™ Jo (0]
2 o J(w)
A= ho(al+ay), xexp - — fo do —=
k
and|0), |1) are the ground and excited states of the two level % (1—cos(wt))cotr(,8w/2)} } )
system, respectively. In general, such an interaction will not

induce relaxation of the reduced density matrix elements,

diagonal or off diagonal. However, if we choose the couplingWhereoc we have combined the . polaron  shift
constants to have an Ohmic distributihe.. (1/7)[§ dwd(w)/w and the bare frequenay, into the renor-

malized frequency w,. Using the spectral density

lim J(w)~ o, 2) J(w)=awe™ ““cwe find, for low temperatures compared to
00 the bath? (i.e., Bw>1),
where the spectral densiff{w) is defined it 2alm
O(t) 1 ) alm ,Bﬁ
(1) = PR
Hw)=72 h28(w—wy). ! 1+ w?t? NS
X sinhl ——
Bh
Then Skinner and Hs(see also Duke and Mahk found o 20
that the coherence variable of the two level system decays to X exp{ —1| @t +| —|tan l(wc'f)) ) ; 9)

zero exponentially with a pure dephasing rate proportional to
temperature. We now proceed to solve this model exactly fowhere the# has been reinserted for dimensional conve-
all times. We assume that the initial value of the densitynience. Fort>g# the dephasing is exponential with a rate

operator takes the factorized fottn constant
p(0)=0(0)pp, 3 1 _z2am
T h’
where 2 B

as discussed by Skinner and HswHowever, for times
__ exp—BHy) @ Bhlm>t>1lw,, we find that the coherence variable decays
Po =Ty [exp— BHp) ] with the power law

It is simple to show that the off-diagonal element of the  |o1o(t)|~(wct) ~24/™.
reduced density operatofdefined as o(t)=Tr,[p(t)])

At zero temperature, after an initial short lived Gaussian de-

equals cay, the decay of the coherence variable is seen to be alge-
o1ty =€ 190ty (0)Tryl pp eXpl—i(Hp+A)t} braic for all times. Thus, pure dephasing may indeed occur at
zero temperature, and the low and zero temperature line

X expliHpt)]. (5)  shapes will show marked deviations from the usual Lorentz-

ian behavior. FoBw >1 the line shape will not be Lorentz-
ian in the wings due to the algebraic decay at short times. At
zero temperaturgneglecting the line shift the line shape
function may be expressed

Note thatH,+A is diagonalized by the unitary shift operator

hy
U=ex —(al—a
r{Ek wk( K~ k)

® . 1
Using the cyclic property of the trace, we find (@)~ J:m dte! —(1+w2t2)a
Cc
hi) J 2y | |o| @12 ol
at)=expl —i| wo+ >, — |t} Try[U()UTpy], (6 - — —
) % o3 o TRUOU ). @ wﬂm@% mﬁ*J,

where whereK, is a modified Bessel function. Note here that the
line shape shows a singularity @t=0 for «<1/2 and a sin-
gularity in its derivative atw=0 for «>1/2. We may con-
clude, perhaps somewhat imprecisely, that the anomalous
dephasing results from an abundance of low frequency
Combining the shift operators, and using the expression fomodes which are “active” at arbitrarily low temperatures.
the thermal average of the exponential of a linear combina- We wish to emphasize that pure dephasing at zero tem-
tion of bosonic raising and lowering operators, we find perature is not expected for super-Ohmic baths. Note, how-

U(t)=ex;{2k 2_‘; (a;eiwkt_ake—iwkt)} @

J. Chem. Phys., Vol. 105, No. 23, 15 December 1996
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ever, that algebraic decay may also occur for super-Ohmicelaxation. Ideal experimental situations would choose sys-
spectral densities. Consider the spectral density tems with long excited state lifetimes and weak nonadiabatic
coupling, etc., so thak, effects are kept as small as possible.
Since the pure dephasing contribution does not extrapolate to
For high temperatures compared to the bath, @t2)~2/  zero at zero temperatures, tfig process will not reach a

J(w)=aw’e” ¥,

Bw, and thus lifetime limited value. Such effects may indeed by noticeable
= I w) o at very low temperatures. Last, parameters such.aand «
f > (1—cog wt))coth Bw/2)~ E In(1+ wgtz), must take on values appropriate for experimental detection.
0 w

By this, we mean that these parameters must conspire to
This gives rise to a coherence decay at high temperatures Maintain a decay slow enough to be observable in the time
window of ~1 ps to~1 us.

The interesting aspect of the pure dephasing behavior
occurs in the time interval &l,<<t<p#. This time domain

which is similar to that of an Ohmic bath at zero tempera—WiII be accessible experimentally far<10 mK. Such tem-

ture. This quadratic spectral density could represent, for exper:;tures_ ﬁre indeed exprclermentalll%/ reachali)le,hbut factor§
ample, a two dimensional systesurface with deformation such as in omoginftfa_ouls eatlr}g i% ects make these exper-
potential coupling. ments somewhat difficult to perforrfi.

These results are essentially the same as those found %%aLast, we would like to briefly sketch some condensed

Wu, Brown, and Lindenber§ for a similar model proposed se systems for which the Ohmic constraitis valid.

to study quantum tunneling in excimeric molecular crystals.The first is the case studied by Duke and Mahanamely

Our results, however, are analytically exact, and interpolatéjIIUte impurity spectra in a piezoelectiic crystal. Certain

smoothly between the various decay regimes, while the worﬁ_emf'_c? dn(_juctorj su<(:jh ahs Cdr? have trlle_ property tgat ag e_lec-
of Wu, Brown, and Lindenberg relies on numerical integra—trIC leld Is produced when the crystal Is squeezed, and vice

tion and interpolation. The result is also similar to that ob-Versa. This gives rise to an electron—phonon coupling that is

tained by Duke and Mahahin their study of the phonon proportional to the amplitude of the phonon field. This am-

induced broadening of line shapes in crystals. Similar resultB”tUdefdeBeEdem couplinlg, comt;]ined With. the _density of
are also discussed by Mahan in his work on x-ray spectra igtates for be yélong wavelengthphonons, gives rise to an

metals® In light of these results, the above may not seemOhmlc—type coupling:*® Thus, an electronic transition at an

surprising, although within the chemical physics communit ,'mF’“”ty site in a pi.ezo'electric crystal mf';\y be crudely.de-
thepfact ?hat “purg dephasing” may occﬂryat 7610 temperz;_scrlbed by the Hamiltoniafil) combined with the constraint
). One difficulty in this description may be screening ef-

ture in special circumstances seems to be somewhat unappfects due to other electrons, which might wash out the alge-

ciated. ) . . . . .
braic behavior given in Eq9). However, it may be possible
that a very low temperature echo experiment probing an op-
IIl. EXPERIMENTAL RELEVANCE tical transition at an impurity site in a piezoelectric crystal

Before generalizing the above results to the case of quahay indeed expose such interesting behavior.
dratic electron—phonon coupling, we would like to discuss ~ Another situation that naturally gives rise to the Ohmic
the experimental detection of the phenomena discussegPnstraint(2) is the relaxation of tunneling systems in me-
above. tallic glasses at low temperaturésHere the Ohmic friction

We have treated an idealized Hamiltonian with a systemarises from the excitation of electron-hole pairs near the
bath coupling incapable of causing transitions between th&ermi surface. Consider the standard spin—boson problem,
two states of the system. We thus focus on only one aspect of A .
the relaxation procesfure phase relaxatipnin general, H SB:(_O) Ux_<_°
optical experiments can probe either population decay rates 2 2
(" T," processes probed, for instance, by a three pulse echo
experiment or phase relaxatioff* T,” processes probed by +> h(al+ay o, (10
a two pulse echo experimenfThe T, process will have con- K
tributions from both population relaxation induced by pertur-
bations off diagonal in the system states, and pure pha

relaxation, induced by diagonal perturbgtidﬁ@nly inthe  gylating. For the case of a metallic glass, the bosonic bath
weak coupling limit are such processes independfeffigiv- o citations are electron-hole pairs, giving rise to an Ohmic
ing rise to phase relaxation comprised of noninterfering Con'spectral densit§®21We may diagonalize the spin portion of
tributions from population decay and pure dephasing. ThusEq. (10) simply, leaving
our results require that the strength of the diagonal coupling
be much stronger than that of the off-diagonal coupling. In ﬁSBz(E/z)gz+[(AO/E)gX+(EO/E)UZ]
this way, we may hope to treat tH® processes to lowest
order, while treating the pure dephasing nonperturbatively XE hk(al"_ak)a (11)

k

and thus ignore the interference between the two types of

Ulo(t)”m’

ot z wkalak
k

which is thought to govern the dynamics of tunneling sys-
$Bms at low temperatures in glasgesetallic as well as in-

J. Chem. Phys., Vol. 105, No. 23, 15 December 1996
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where and
E=JAZ+ €2,
. o b= h(al+ay).
In general, the parameteny, and ¢ have a distribution of k

values. Tunneling is observed at very low temperatures OnIYNe note that the linear electron—phonon term has been ne-
for the few tunneling systems for which the effects of the

bi K h q he l density of tglected, and a particular form of the quadratic term has been
las are weak. In such cases, due to the large density of statfs.y Nejther of these assumptions are necessary. We neglect
of the electron-hole pairs at the Fermi level in metallic

i the linear term simply to focus on the nonlinear effect. As we
glasses, thd@, rate is often so large that all phase coherenc

< lost bef h b Jueld b o) &ill see, this term could easily be included in our study. The
Is lost before an echo can be produced. may be possIbIE, g5 of the coupling is chosen to make contact with the work
however, to “tune” the bias, so that the diagonal coupling is

. . . of Skinner and Hsu. In fact, we will show that our method is
stronger than the nondiagonal coupling. Such a bias may b?omewhat better adapted than the method of Skinner and

produced by a static external field. In fact, this possibility has o, ¢or treating more general quadratic electron—phonon
been proposed as a way of initially preparing localized tun'coupling term&?

neling states? If Ay/E is small enoughT, processes may be There have been two previous nonperturbative theories
suppressed, and we may hope to see the effect of the algg 1o hyre dephasing of a two level system coupled qua-

braic loss of phase coherence. Even with the suppression gf atically to a bath of harmonic oscillators. Osad*ksed an

tunneling, however, the large cutoff energy of the bath, anGe a1 equation approach to find a nonperturbative expres-

the large diagonal comzjgmlmg strength would make observatiogjq "oy the off diagonal reduced density matrix element in

of thIS' effect dIffICU!t. In any event, the search f_or SUCh 1 imit t—. Skinner and Hsu found the expression

behavior is worthwhile since it would reveal dramatic behav-

ior induced by Ohmic coupling. gi(t) = o 0)exp( —iwgt)(F(1)), (13
Ohmic-type dephasing may also occur in confined ge-

ometries, or in special cases where coupling to the straiMVhere

field is much stronger in one direction than the others. Re-

cently, Kikaset al?® have proposed a novel explanation of (F(t)>=<expr >

some anomalous impurity spectra in low temperature insu-

lating glasses. They have noticed that the low temperaturg(t) is the Heisenberg expression for the operator is the

spectral holes for chlorin dopant photoproduct states in sewime ordering operator, and the brackets represent a thermal

eral different glasses show a peculiar, non-Lorentzian shap@verage over phonon states. Skinner and Hsu evald8je

They explain this by postulating that a local defégtlanar by means of a cumulant expansion. Unlike the linear case, all

crack”) caused by dopant phototransformation, inducesumulants contribute in general. In the linit 7., wherer,

quasi-one dimensional electron—phonon coupling. This beis the characteristic decay time of bath correlations, all cu-

havior is essentially given by the Ohmic model outlined inmulants are proportional to time, giving rise to exponential

Sec. Il. There are some problems with the explanation oflecay of the coherence variable. The resulting dephasing rate

Kikas et al. The first is their use of a zero temperature cal-is obtained by exactly resuming all the cumulants in this

culation to explain the product spectra at 5 K. There is alsdimit. The methods of Osad’ko and of Skinner give identical

no direct evidence for the “crack” formation. Thus, while results.

=i ocd7'A T
fo (1)

the work of Kikaset al. would provide an interesting ex- We recall that, in general, there are two correlation times
ample of Ohmic dephasing, the evidence is not convincingor the bath at low temperatures. The methods of Osad’ko
enough at this time to draw any firm conclusions. and Skinner and Hsu are valid only in the time regime

t>max1/w.,Bh) and thus say nothing about the potentially

interesting regime between the mechanical and thermal cor-
IV. QUADRATIC ELECTRON-PHONON COUPLING relation times. In fact, in the case of linear electron—phonon
coupling, these methods are incorrect in predicting that the

We now turn to a study of the effect of quadratic . .
. : ure dephasing vanishes as the temperature approaches zero
electron—phonon coupling on pure dephasing when an abunﬁ)—

. for the Ohmic density of states. It would be interesting to see
dance of low frequency modes of the bath are present. Again, . . . 2

. . . if similar effects exist when the system-bath coupling is qua-
we use the Ohmic bath as a model. We will use the Ham|l-d ic in the bath di h Id lik h
tonian studied by Skinner and Hs(again settingi=1) ratic in the bath coordinates. We thus wou like to have a
method that reproduces the Osad’ko and Skinner and Hsu

H=wo|1)(1|+H,+A|1)(1], (120 results when they are valid, while properly describing the

pure dephasing at very low temperatures.
Our method is based on a powerful but somewhat unap-
Y _E ¥ preciated many body technique introduced by Balian and
b= 44 kB, Brezin as a means to generalize Wick’s theofénThis

method is useful for evaluating the thermal average of expo-
nential quadratic phonon operators. The method has been

used, for example, by Friesnet al2® in their study of mul-

with

2 ’
J. Chem. Phys., Vol. 105, No. 23, 15 December 1996
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timode resonance Raman line shapes. The details of the pro-

0.05

cedure are outlined in Refs. 26 and 27. We begin with the
expression fokF(t)) in the form

(F(1))=Trp[pp expiHpt)exp(—i(Hp+A)D)], (14
wherepy, is the equilibrium phonon density matrix given in onsl |
Eq. (4). It is the function(F(t)) which governs the pure ' Tl
dephasing in Eq(13). Instead of casting this thermal average % -°2f
as a time ordered integral, and calculating the resulting cu- |
mulant series, we recast the thermal average as a matrix de- | )
terminant, thereby effectively summing all cumulants for all
times. The basics of the method of Balian and Brezin are as %%} .
follows. Any exponential quadratic operator of creation and 04} o
annihilation operators is first put in the form¢ oas , ‘ , ‘ ‘ )
=exp3aSa, where a is a 2N dimensional vector o ! 2 8 4 5 6

of boson creation and annihilation operatorge
= (aq,...ay ,a{,...aL), andS is a symmetric matrix. Such FIG. 1. Plot of Ijoy(t)| vst in units whereh=1. 8=0.1, andW=0.3. The

an operator is represented by the matrix cutoff frequency of the bath is taken to bg=95. Dashed line is from Eq.
(18) with a 20 mode bath. Dashed-dot line is from Eg8) with 50 mode

[Z]=expTS, (15 bath, solid line is the Skinner—Hsu res(©). The time domain for which
Egs.(18) and (19) agree depends on the number of bath modes employed.
with Eventually, the nonergodic nature of the finite mode simulations is mani-
fested in deviations from the resull9). The fact that the dashed and
0 1 dashed-dot lines do not directly overlap with the solid line at short times
= ( ) . (16) may be attributed to correct short time evolution described by(Hgj.and
-1 0 not Eq.(19). In these cases, such differences are negligible.

Here 0 is the NXN null matrix, and1 is the NXN unit

matrix. Any product of exponential quadratic operators

Ga=1%, is represented by the matfis¢5]=[51][5]. Itis ho= /ﬂ_

then possible to shoWsee Refs. 26 and 27 for detailthat 2N

the trace of” can be written Note that the high frequency cutoff function is now taken to
Tr o=[(- )N de([ £]-1)]" 2 (17) have a sr_]arp st.ep functipn fqrm. Th[s will only have conse-

guences in the inaccessible time regithel/w. . Our choice
With this technology, the dephasing functi¢R(t)) can be  of the normalization for the coupling constants requires’that

expressed —1<W=wx. Negative values o¥V correspond to the case for
de 0.1 6,1—1)| ~ 12 which “spft modes” are present. '
(F(t))= (plL01) 62— 1) , (18) We first test the new method by comparing the results
detp]—-1) with the nonperturbative result of Skinner and Hsu. In their

where [91] is the matrix representation of the Operator tr-eatment, the asymptotic decay of thes(;Oherence variable is
exp(iH,t), [6,] is the matrix representation of the operator diven by|o(t)|[=exd —(1/T,)t], wheré™*

exp(—i(Hp+A)t), and[p] is matrix the representation of 1 * de 4n(w)(n(w)+1)W2J(w)?

the density operator. —=f ——Inf 1+ —— ~ > =, (19
The method just described is an alternate nonperturba- T2 Jo 4m (1=WQ(w))"+W(w)

tive approach to the quadratic pure dephasing problem. 2 (=

There are two advantages of this method. First, it is Véalid Q(w)= p jo dvd(v)P 22 (20

all times and not just in the asymptotic reginfas are the
methods of Osad’ko and Skinner and WsBecond, the fac- J(w) was defined in Eq(2), and P stands for Cauchy prin-
torized initial conditions(3) need not be used. This second ciple part. For this calculationJ(w) takes the form
point is generally irrelevant in the time regime for which the J(w) = (7/2w.) » for 0O<w<w. and is zero for all other val-
method of Skinner and Hsu is valid. However, it may be ofues ofw.
extreme importance at short times. The disadvantage of the Figure 1 shows the plot of ljer;((t)| vs time forw=0.3,
method is that it requires the input of a finite number of bath=0.1, andw.=95. Time is measured in units whefie=1.
modes, which means that the bath never reaches equilibriurithe new method is seen to be in excellent agreement with
causing phase recurrenc@sThus, we must test the domain the result of Skinner and Hsu for time intervals that depend
of validity by varying the number of modes in the bath, andon the number of bath modes employed. After a certain time,
comparing the results to the previous nonperturbative theoryecurrence of phase destroys the apparent thermodynamic
We choose an Ohmic bath by selecting frequencies fronbehavior. Figure 2 shows one such large scale recurrence.
a flat distribution of values in the intervéd,».), and choos- For all temperaturew.<10, the results of Skinner and Hsu
ing coupling constants were confirmed. In this temperature range, for any coupling

J. Chem. Phys., Vol. 105, No. 23, 15 December 1996
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FIG. 2. Plot of the decay dir;o(t)| vst (A=1) from Eq.(18). B=0.1 and  FIG. 4. Low temperature evolution of|by(t)| vs t(2=1). The dashed line
W=0.1. The cutoff frequency of the bath is taken to dg=95. 20 bath  is a 50 mode simulation wit§=7, W=—1, and the cutoff frequency of the
modes were employed. A large scale phase recurrence can clearly be sedath taken to bev,=95. The dashed-dot line is the linear electron—phonon
expression(9) shown for reference witlB=7 and 2v/7=0.0785. The solid
line, also for reference, gives exponential decay that matches dashed-dot
line asymptotically.
strength, the timescale for nonexponential behavior is very
short [tnonexs~(Llwe)]. After such short transients, expo-
nential decay of the coherence variable results with a ratevhere{\,} are the eigenvalues of the exponential quadratic
described by Eq(19). Thus in this temperature regime, the operator. In the limit of a continuous bath spectrum and as-
result of Skinner and Hsu is valid. Figure 3 shows the excelymptotically long times the eigenvalues of the matrix prod-
lent agreement between the matrix technique and the methagtt in Eq.(18) are related to the argument of the logarithmic
of Skinner and Hsu for a variety of temperatures and couterm in Eq.(19).
pling strengths. It is interesting to note that the appearance of For Bw.>1 we may expect the methods of Osad’ko and
the logarithmic term in Eq(19) is not accidental. Its origin  Skinner and Hsu to break down, as they do in the linear
can be traced to the matrix expressid), written in the  coupling case. This is indeed the case. An example of this
form behavior is shown in Fig. 4. Here, 50 modes were used to
simulate the bath, which is a sufficient number to produce
accurate results in the time interval studied. The figure shows
the results of a simulation withV=-1 and Bw.=665. For
timest>1/w, the decay of the coherence variable is nonex-
ponential. The behavior is qualitatively similar to the alge-
braic behavior in the linear cadé&q. (9)]. This behavior
becomes more pronounced as the temperature is lowered,
and the interval 1.<t<B#% becomes larger. Note that the

Tr L«/‘":ex;{—% In(l—)\k)},
K

deviation from exponential behavior is weaker for quadratic
as opposed to linear electron—phonon coupling. This behav-
ior is more pronounced for negative values\Wf However,

in many glassy and crystalline environments “soft modes”
are prevalent, thus giving hope that the nonexponential decay
of the coherence variable may be detectable at very low tem-
peratures, perhaps in one of the settings described in Sec. III.
The reason for the qualitative differences in the dephasing
behavior between positive and negative values of the cou-
pling W is unclear. It must be noted that the simulations are
difficult to perform at low temperatures due to the fact that
the timescaleBs becomes long and more bath modes must
be employed to achieve accurate results. However, as the
FIG. 3. Plot of|oy(t)| vst (A=1) for several values o andW. Solid lines  (accuratg simulation results displayed in Fig. 4 show, the
correspond go z‘}gebimn;ir(j—eFSiS: nrqesi(gme)awwi bsr:f\e;\lr;tgn;z Cg;rsehsggggtt?mesignature of the temperature independent nonexponential de-
Egr.rt(als?a)o\r,wvclits t=0.04, W=0.5, th(la3 sZt With the dotted line corresponds to Cay. IS qlear' This leads one to expect such decay persists for
arbitrarily low temperatures.

B=0.027,W=0.6, and the set with the dashed line correspong3-6.01, ) - o )
andW=0.3. The cutoff frequency of the bath is taken todye=95. As briefly mentioned before, similarities exist between

o

lo (i)l
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