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Abstract

Non-linear optical experiments in glasses exhibiting spectral diffusion give strong support for the importance of two-level
system excitations (TLS). The difference in the line widths measured by these experiments and fast two-pulse photon echo
experiments has been ascribed to slowly relaxing TLS. The sudden jump model is found to be an appropriate description of the
dynamics; within this model, we derive new analytical results for three-pulse experiments at all temperatures. These experiments
and the dynamics of TLS in glasses are discussed within the context of these results.

1. Introduction

The standard description of a glass as a random array of two-level systems (TLSs), proposed by Phillips [1]
and Anderson et al. [2] to explain low-temperature acoustic and thermal properties of disordered materials, has
recently received some support from optical experiments. Several groups [3-6] have reported the presence of
spectral diffusion, detected by hole-burning spectroscopy (HB) and three-pulse photon echo (3PE) experi-
ments performed on a chromophore embedded in a glassy matrix. For some glasses, these experiments yield an
effective homogeneous linewidth that is larger than the “true” homogeneous linewidth obtained, for instance,
by a two-pulse photon echo (2PE) experiment. These two different results can be explained by arguing that the
2PE experiment is a one time scale experiment (namely, the time scale given by the delay between the two
pulses, which is of the order of nanoseconds, the order the inverse of the linewidth measured ), whereas both HB
and 3PE experiments possess a second time scale (the delay between the burning and the reading pulse - from
microseconds to hours - in HB, and the delay between the second and the third pulses — from nanoseconds to
seconds - in the 3PE experiment ). The effective linewidth measured in the latter experiments has contributions
from dynamical processes occurring in the surrounding media during this second time scale. These processes
induce fluctuations in the frequency of the chromophore and lead to dephasing [7].

It is now widely believed that the fluctuations of the media can be described in terms of the dynamics of a
random array of TLSs, which are coupled to the chromophore via the phonon field.

In this Letter, we shall investigate a model where the frequency of chromophore contains a fluctuating part
made up of contributions from each TLS, assuming that the distribution of TLSs is uniform throughout the glass
and that they interact with the chromophore via multipolar forces. Instead of examining the exact dynamics of
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the TLSs, a sudden-jump stochastic process is assumed for the interaction term. We then obtain expressions for
the observable quantities measured in HB, 2PE and 3PE experiments and proceed to analyze the results of these
experiments.

2. Non-linear optical experiments: hole-burning and three-pulse photon echoes

In a first approach, we can assume that the ‘chromophore embedded in a glass can be described by a simple
Hamiltonian which contains stochastic terms,

N
H=}wo0,+ ; 1Aw,(t)o:, (1)

where o.=|g) (gl —|e)(e|,and |g), |e) are the ground and excited states of the chromophore, respectively;
@y is the static absorption frequency in absence of interactions with the surrounding glass. The second term of
the above equation reflects the effects of the time evolution of the environment on the absorption frequency of
the optical impurity (that is, it contains the fluctuation of the chromophore’s frequency due to the coupling to
N perturbers).

The relevant quantity to calculate for the discussion of the non-linear optical experlments is the following
correlation function [8-10]:

Cspe(7, T‘,,)=<<exp(—ij.d‘L"s(r’)jiv:l ij(r’))>> , ' (2)
J =

where the choice of s(¢) is
s(t)y=1, O<t<r,
s(t)=0, <t<T,+1,
s(ty==-1, T,+1<t<T,+21,

for a 3PE experiment.
In terms of this quantity, the amplitude for the 3PE signal is

Aspe(7, T,) = A(T,,) Cspe (1, T) exp(~7.7) ,

where A(T,,) contains the effect of the population relaxation to the ground state, and . is the homogeneous
linewidth in the absence of media fluctuations of the type described above.
The hole—burmng signal (see Fig. 2 for a graphical description of the experimem) is proportional to

Iyg <E} j de A(6) J. drexp(idt) exp(— yct) Cipe(T; 6) ,
—TB

where J is the detuning from the burning frequency. Physically, one can think of the HB experiment as the
Fourier transform of a collection of 3PE experiments, where the delay between the second and third pulses range
from—Tgtot. ,

We note that, experimentally, the dependence of Cipg (7, 8) on 6 is rather weak (usually logarithmic), so that
we can approximate the above expression (especially if 1> Ty) by
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Fig. 2. Hole-burning experiment.
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where Fp=E3% Ty is the burning fluence and T,,=¢— Tg. Hence, the small fluence limit of the hole-burning spec-
trum is approximately the Fourier transform of the 3PE signal.
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3. Results in the sudden-jump model

In summary, the relevant quantity to evaluate in HB and 3PE experiments is Cspe(7, T\,) (Eq. (2)) where
the double angular brackets stand for a series of averages that define the measurable quantity: first, we have to
calculate the average over an ensemble of chromophores. By making use of the ergodic hypothesis, this can be
evaluated as a temporal average over the history of the environment fluctuations. The second one is an average
over all the different environments in which the optical impurity can be found. This second average can be
separated into an average over the positions of the TLSs, which we shall call configurational average, and an
average over the TLS parameters.

The configurational average is easily evaluated in the thermodynamic limit (N—co), for the case of low den-
sity [8], and for a uniform distribution of the TLSs in the glass (which, presumably, are the actual conditions
in these experiments)

<<exp(—i j dr’ s(7') jg',l ij(‘r’))>>=exp{p j dr[<exp(-i j Aw(T')s(T) dr’)>— 1]} . (3)

In the previous expression, Aw(7) is the frequency fluctuation due to a two-level system situated at a position r
(with the chromophore at the origin), and p is the density of TLSs. The remaining brackets stand for the history
average and for the average over the TLS parameters.

The history average of {exp[—1i [§ dt’ Aw(z')s(7’)]) will be evaluated assuming that the fluctuating part of
the optical frequency takes the form: Aw(t) =ah(t), where a measures the interaction of the chromophore and
the TLS in question (it depends on the distance and orientation relative to the chromophore and on intrinsic
parameters of the TLS, such as the energy splitting F and the tunneling matrix element 4) and /4(¢) is a random
telegraph function taking values — 1 and + 1 with the following properties: the probability of being in the state
—1 at time ¢ and in the state +1 at z+d¢is given by W(+1, t+d¢| —1, t) = W, dt. Similarly, the probability of
being in the state + 1 at time ¢ and in the state —1 at r+dz is given by W(—-1, ¢t+dt| +1, 1) = W, dt. We have
allowed for different upward and downward rates in order to account for detailed balance at every temperature,

W,/W,=e~PE,  atatemperature T=1/kgf.

This is called the sudden-jump model and can be derived from a microscopic description. The following defi-
nitions shall be useful:

R=}(W,+W,), W_=4(W,—=W,y), (Y*)2=a?—R**+2iaW_, O=a+iW_.

It is possible to derive within this stochastic model a series of “weights” of the form P%(¢) for the path where
iis the initial state, f is the final state (i, f= % 1) and k is the sign of s(7’) in the interval of length ¢ that we are
considering (e.g. P5.(2) is the value of (expl[i [{ dt’ Aw(7’)]) for a path which is restricted to have
h(0)=h(t)=+1;s(t’)=—1for 0< 7’ <t). The importance of these weights is that the history average relevant
to a series of optical experiments such as free-induction decay, two- and three-pulse echoes, can be expressed in
terms of them. For this reason, we shall now tabulate these quantities:
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P, (1) =e‘R‘(cos( Yt)+ (ia—W_) sm(Y#) ,

Pr_(1) =e‘R’(cos( Y*t)—(ia-W_) W) )

sin(Y*¢)
—

sin(Y*t)

Pt_()=e R W, Tt

P (t)y=e~ "W,

P;+(t)=e—R'(cos(Y—t)- (ia+W_) Si“:__’)) ,

P-_(10) =e‘R’(cos( Y1)+ (ia+W_) sm(Y#l) )
sin(Y~t)
Y_ 2

sin(Y~¢)

Py_(t)=e~®W, Y-

P (t)=e MW,
1
P?++(t)=ﬁ(W2+Wle_2Rt), P()—_(l)=ﬁ(Wn+er_2R'),

w.
PL(= T (1em2), PO ()= 22 (1—e )

Thus, for the 3PE experiment,

<exp(i i dr’ Aw(r')s(r'))>m=(%P1+(r)+ %PL(T))PL(TW)[P1+(f)+P1_(T)]

+(2_R Pi-(M+ 52 P__(T))P"__(Tw)[P_+(T)+P__(T)]

W, ., Wi, i} _
+(§P++(T)+ 2R P_+(T))P‘l_(Tw)[P_+(T)+P__(T)]

W 1 + - >
+(2T§P¢_(z)+ %P__(r))PL(Tw)[P++(r)+P+-(f)1 :

Evaluating this last expression, we obtain

27+ Tw

<exp|:i<jthw(t)— J thw(t))]>=1—{F,(r)+[1—exp(—2RTw)]F2(r)},
0 T

where

_are SIN(Y 1 T) sin(Y 1)
Yt Y-

2 T
Fy(1)= % W, W,e , and F1(1)=4Rj.dr’F2('c’).
0

Hence,

Cape(1, Tw)=eXP(—P j dr{F\(7)+ [1—exp(—2RTw)]F2(‘r)}) .
glass
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We remark that for 7°,=0 we obtain the two-pulse echo experiment results. For @ R the expression for F
simplifies to F(7) =sech?(4 BE) sin’(ar), which is the result quoted by Bai and Fayer [3].
Let us carry out the average of F(7) over the position of the TLS,

Fi(n)= j dr F3(1) .

glass

The only quantity that depends on r in the integrand is a, which measures the strength of the TLS—chromophore
interaction. Assuming that this interaction is multipolar

a=A(6,8)/r",

the average is

A

R

1:3/2

3/n
_ W, .
Fz(f)=4—n —

RZ

e 2 T(+w) [ v () "Loulx) | Fal 4 L 548 (-x)?],  (8)
Q

with the definitions

|A|3”‘=J.d£2|A(9,¢)|3f", w=3(1=-3/n), x=2Rt, and EI=tanh(ipE).

The generalized hypergeometric function is defined by its Taylor series,

& (1), =
Fila b cz]l= —
ol 1= Z, %o,
Eg. (8) is an extension of Huber’s results [10] to 3PE and low-temperature experiments, It is straightforward
to check that the high-temperature limit (6-0) of F, (1) coincides with Huber’s result for 2PE experiments,
The experimental evidence is that in glasses, the interaction between the TLSs and the chromophore is me-
diated by phonons. Once the phonon field is eliminated, this interaction can be shown to be of the dipole-dipole
type. For this case (#=13) the expression for the configurational average is given by

A

Fu(n) = AT e [ e L (e Mo (Ex-) (9)
0

This result for dipolar interactions was already derived by Hu and Walker [ 11] by performing the history and
configurational averages in the opposite order from our derivation.

The only remaining average is over the parameters of the two-level systems. In particular, assuming that the
TLSs relax via phonon emission, a process that seems to be confirmed by recent experimental data [12] the
relaxation rate has the following functional dependence [9,13]:

R=cf{E) exp(—2A4) coth(18E) , (10)

where ¢ is a constant, f(F) is a function of the asymmetry, whose particular form depends on the spectral
strength of the perturbation (it could also contain some residual dependence on the tunneling matrix element
4) and the last factor comes from detailed balance. The most important term is the exponential dependence on
Al=Ai—2 i, where 4 is the overlap between two wavefunctions localized on either side of the double-well po-
tential corresponding to the TLS in question (note that the tunneling matrix element is doce—*). In order to
carry out the averages over E and A, we shall assume a constant density function p(E, 1) =const. for A ,;n A< nax
and 0 E<€ Eq,,. This is the standard model used to explain the low-temperature acoustic and optical properties
of glasses. It has been confirmed, at least partially, by numerical simulations (see Heuer and Silbey [14]). In
most cases the experimental temperatures are low, so that AE,... << 1 and the width of the distribution in 4 is
fairly large A 0. = 5-20. The {E, /} average can be transformed into a {E, R} average,
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Emax Amax Emax Rmn(E)dR

J' dE 'f dip(E, A)..= j dE J -

0 Amin 0 Rmin(E)
where

R=Rpx(E) exp(—-24A4), Rpin(E) = Rnax(E) exp(_‘szax) ’ Rmax(E)=Cf(E) COth(%BE) .

We can rewrite the expressions for F,(t), F>,(1) (x=2Rt, Kis a constant),

Fi(r)= 5 [sech (B PGER) , G(& 0= [ dx (e )o(E(x=x)) ,
0

Fi(0)= 5 [sech (PO IPFE ), F&0=2 [ 65 x),
0

and evaluate the average of the 2PE portion over the TLS parameters in the standard model,

Emax Rmax Emax 2RmaxT
Fi@ea=3K [ aEsechipm)) | EFEx=ke | B secnipe) | Srex.
0 Rumin 0 2RminT

(11)

We remark that the term [sech(}8E) ]? provides an upper cutoff for E so that the only TLSs that contribute in
a significant way to the spectral diffusion are those with SE<?2.

Assuming that the delay between the two pulses in the 2PE experiment (the first two in the 3PE) is such that
R,=1/7is well within the interval [ Rpi, (E), Ryax(E) ] for most contributing TLSs, we can extend both limits
of the integral in Eq. (11), and obtain the result:

Emax <]
Fi(@)>ex=Ke | aE (secn(4pE))* [ S F(& 0. (12)
0

0

The convergence is not problematic as F(¢& x) ~x2 when x—0 and F(&, x) ~x'/2 when x— oo, which implies
that the two-pulse echo decay is exponential. This argument was first presented by Maynard et al. [15] and is
supported by experiments: the usual time scale of the 2PE experiment (from a few hundred picoseconds to
microseconds) seems to be well within the range of relaxation times for the glass TLSs. The deviations from
exponential decay are very small in most cases (see however Macfarlane et al. [ 16] where very non-exponential
decay is found in complex crystals. However we note that in this case the averaging procedure might be different).

The fact that the 3PE signal presents a simple exponential decay is more complex. There are three pieces to
consider in the echo amplitude:

Aspg zeXp{—l’[<Fl('l')>15,R'*' <F-2(T)>E,R— {exp(—2RT,) F—Z(T)>E,R]} . (13)

The first term is the same as in the 2PE. For the second one, the linear dependence in 7 can be derived in a
similar fashion as for the first one, except that the extension of the lower integration limit to zero presents special
difficulties,

Emax ZRM(E)‘tdx
Fu)en=Ke | dE1secnipr)” | Hown.
0 2Rmin(E)t

Again the asymptotic behavior as x— oo is G(¢, x) ~x'/2. However as x—0, G(&, x) ~x only. This yields an
extra term,
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Emax oo 0(E)

Exyaa=ki | s [ Soen+ | Soen).

0 O(E) 2Rmin(E)T

The factor §( E) is small enough at all accessible energies so that G(¢&, x) can be expanded about x=0. This extra
term is then proportional to 7 In 7 and will be very difficult to distinguish from the term linear in 7 in actual
experiments.

The contribution of the last portion of the exponent in the 3PE amplitude is linear in 7 for entirely different
reasons: as a general rule T, > 7, which implies that in {exp(—RT,,) F,(t) )z the main contributions will
come from R<1/T,. This means that x~1/T,, <« 1 allowing us to expand G(¢, x) about x=0,

Emax Rmax(E)
(exp(~2RT) Fy(0)>sam | dE [sech(1BE) | SR G(&x) exp(~2RT,)
. Rm(:x(E) Rmin(E)
=T I dE [sech(}BE)]? I ERECXp(—ZRTw), (14)
0 Rmin(E)

which is indeed linear in 7. Furthermore, this is the only part dependent on T,

4, Conclusions

Using the stochastic sudden-jump model, we have discussed the phenomenon of spectral diffusion in glasses,
where TLSs induce fluctuations in the frequency of the chromophore whose optical response is being probed.
Experiments, such as free-induction decay, and two- and three-pulse echoes require the history average of a
quantity like

<exp(—i }l" dr’ s(t’) Aa)(‘r'))>

within the sudden-jump model. s(t’) has a different form in the various experiments: its value is 0 for the
interval that the chromophore’s population is relaxing and + 1 when its coherence is evolving. These averages
can be readily calculated by using the series of “weights” tabulated in Eq. (4).

In this Letter, we have extended the sudden-jump model results obtained by Huber for 2PE at high temper3-
ture (relative to the TLS splitting), to the more general case of 3PE and arbitrary temperatures. In the limit of
dipolar interactions we recover the familiar results given by Hu and Walker [11]. The exponential decay of the
three-pulse echo signal (at least for T, > 7) is seen to require a uniform distribution of two-level systems cou-
pled to the chromophore via dipolar interaction, as well as exponentially decaying two-pulse echoes. The partic-
ular form for the distribution of relaxation rates for Rt < 1 does not have an effect on the exponential character
of this decay.
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