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Abstract. Using methods from polaron theory, we re-derive the elastic interaction between
two-level systems (TLS) in glasses in a non-perturbative manner. We then calculate the
relaxation rate of the interacting dressed TLS perturbatively. Although this calculation
necessitates some approximations, it leads to the statement that for strong TLs-phonon
interaction the TLS relaxation rate 1/7, is, at least for asymmetric TLS, considerably different
from the prediction of the usual (weak-coupling) expression. The impact of this result on
theory and experiment is discussed.

There are two explicit derivations [1, 2] of the interaction, induced by the exchange of
virtual phonons, between the now well known two-level systems (TLS) in glasses, which
were postulated in 1972 [3, 4]. Both of them are perturbative. In the first [1], an effective
second-order Hamiltonian of the interaction is constructed. In the second approach [2],
the linear coupling of the phonon to the diagonal TLS matrix elements is replaced
with the strain field of a classical dipole, but the remainder of the Hamiltonian is kept
unchanged (e.g. the phonon coupling to the off-diagonal matrix elements). The only
problem with these approximations is that the interaction derived turns out to be strong
[1], which might invalidate its derivation. Therefore it is clearly desirable to obtain the
TLSinteractioninanon-perturbative way. The present work is a first step in this direction.

Furthermore, there is a series of papers [5, 6] that deal with the influence of strain
interactions or local strain fields, which are allowed to be strong, on the density of states
of tunnelling units (two- to six-level systems) in glasses. Consequences for the low
temperature properties of glasses such as heat capacity and thermal conductivity are
investigated. On the other hand, these articles hardly address [5] the question of the
microscopic (quantum mechanical) origin of these interactions, which is one of our
objectives. The strain fields are introduced phenomenologically and treated semi-classi-
cally. Certain many-body effects, such as the renormalisation of the deformation poten-
tials, as well as the TLs relaxation times, which will arise naturally from our calculation,
are absent from that approach.

Before exhibiting the details of the calculation, we would like to summarise the main
features of the model. Inspection of the Hamiltonian given below reveals its close
resemblance to the ‘spin-boson’ Hamiltonian [7], which has been a topic of considerable
interest and innumerable publications during the last few years (see e.g. [7] and ref-
erences therein). There is one difference, however: our Hamiltonian describes not one
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but many spins (namely the TLS) coupled to the phonon bath. Clearly, the results of
existing elaborate caiculations[8] of the dynamics of the single-spin system cannot simply
be carried over. This is especially true since the spin—phonon coupling generates an
interaction between the spins (which is of course impossible in a single-spin system); its
derivation is one of the goals of this paper. As it turns out, this interaction is the familiar
elastic coupling (mediated by virtual phonon exchange) between TLS which is known to
be stronger [9], in most cases, than the electrostatic interaction (mediated by virtual
photon exchange). All static TLS coupling considered to date are of this indirect type:
lack of knowledge on the microscopic nature of the TLS means that it is difficult to
conceive of additional, possibly more direct interaction mechanisms.

If the phonon coupling is strong, the TLS are expected to become ‘dressed’ with
‘clouds’ of virtual phonons. Apart from trying to treat the strong coupling correctly, we
intend to investigate how the bare system parameters become renormalised through
this coupling. The traditional way to attack both of these problems is via polaronic
transformations plus perturbation theory. This method, which may be traced back to
the early 1950°s [10-12] (and possibly earlier), has become a standard tool in the polaron
literature [12-14]. Although more formal methods like functional integral techniques
are possible {7, 15], this procedure works well enough to give a semi-quantitative answer.
The emphasis of the present work is not so much on the sophistication of the theoretical
method as on the physics of the result.

The calculation proceeds as follows. First, we apply the unitary transformation given
in equation (8) (later) to the Hamiltonian. This produces an interaction term for the
‘dressed’ TLS which is obtained without any approximation. Second, we calculate the
relaxation rate for the dressed TLs using the golden rule, i.e. perturbation theory. The
underlying assumption (which is also traditionally made) is that the dressed entities can
be considered as weakly interacting. The final decision as to whether this is true in the
present case, rests upon experiment. To obtain a clear picture of the physics, it will
be imperative to reduce the number of parameters in the course of the calculation,
particularly of those on which little or no experimental information is available. To this
end, we keep non-oscillatory terms, which are likely to be large, and neglect certain
oscillatory terms. While this approximation may surely be improved upon in later
computations, it is clearly the first step to accomplish.

The Hamiltonian of the system we are considering is

H=H1+H2+H12 (1)
H, = -2 sEFo* (2)
k
H, =2 w,b}b, (h=1) (3)
q
Hyy =2 (Akah + What)(b, + b1,). (4)
q.k

The TLS operators are given in pseudo-spin representation with Pauli matrices %, o'

(o = 1). E* is the energy splitting of the kth (non-interacting) TLS and is given by
EX = [(A%)?2 + (WH? (5)
where A¥ and W* are the asymmetry parameter and the tunnelling matrix element,

respectively (Wis denoted by A, in the majority of the literature). g isaquantum number
characterising the phonon mode; it may be viewed as shorthand for wavevector plus
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polarisation, i.e. ¢ = (g, 0). It should be noted, however, that for glasses the concept
of a wavevector g is an approximate one, applicable only to low-energy vibrations.

H, describes the phonon bath, Hy; the interaction between the TLS and phonons,
which is assumed here to be linear in the deformation field. To make connection with
the notation in [1] we note that

1 13 1/2
o _$% 2 : kN
A¢I.0’ ‘gﬁ 4 (ea(q’ O)qﬁ + eﬁ(q7 O)qa) 1<2pqu‘a> CXp(qu )Gaﬁ,z (6)

where e,(q, 0), e5(q, o) are components of the phonon polarisation vector and x* is the
position vector of the TLs considered. A similar formulaholdsfor W¥ with G % , replaced
by G ,;ﬁ.x'

A derivation of (4), which may be found in [16], shows that if the phonons couple (as
is widely believed) more strongly to the localised TLS states than to their delocalised

superpositions, the quantities A% and W§ may be written

Af = DEAF/EF Wk =DEtWH/E*. @)
This form is assumed in [2]. (This is equivalent to neglecting the 3Ay/d¢,4 terms in
equation (4) of [1]. The magnitude of the D is largely determined by the phonon

deformation potentials.
We now introduce the unitary transformation

Ak .
U=exp<—2—q(r’z‘(bq —b‘_q)> (8)
kg Wg
and rewrite the Hamiltonian (1) in terms of the transformed operators
St=U"lakU B, =U"'b}U B,=U"b,U )]
describing two-level systems dressed with virtual phonons and phonons dressed with

(virtual) two-level systems, respectively.
This is, of course, done by calculating UHU ™! and results int

. 1
H=-21EFSt + X w,BiB, — 2 — ALAL 343!
k q gkt Wy

+ qZk IWEEL W + 34wk B, + BT ],

~ q% (1- ak,)wiqng’_q(zw'; + 3kwhHs! (10a)
where [ , ], denotes the anticommutator,

Yk =exp<(—1)"§wiqA§(Bq ——B*_q)> (10b)
and

3K =3f i) (10c)

Obviously, the third term on the right-hand side of (10a) describes a spin—spin interaction

+ For the convenience of readers interested in doing the calculation themselves, we give the transformations
of operators needed to obtain equation (10):

UokU™! = o* UokU™' =} (phak + phat) UbLU™ =b} - 2 (AL,/w,) ok
k

Here, 1% is the same as W# with bare instead of dressed phonon operators.



4602 K Kassner and R Silbey
VLS 1 Y

of the dressedi;;,s, with
JK = —%(1/wq)A§A’_q.

Using (6), we can verify that this operator corresponds to the ¥ ¢, interaction derived
in [1], if we employ the same approximations (Debye model, neglect oscillating terms,
in space, at the Debye wavevector) as in [1]. Of course, this unitary transformation
cannot reproduce the o ¥ o, interaction in [1]. However, since this is supposed to be a
very small fraction of the total TLS—TLS interaction (for reasons givenin [1, 2]), equation
(10) may be a good starting point for further investigations. We discuss a more general
unitary transformation below which does lead to a o &', interaction.

So far we have seen how the known form of the interaction between TLS in glasses
can be derived non-perturbatively. However, equation (10) reveals more than that.
Whereas in the original form of the Hamiltonian spin-flipping was simply determined
by the matrix element W¥, we now have two terms (fourth and fifth terms on the right-
handside of (10a) ), bothinducing spin flips and including complicated phonon operators.
If the TLS interaction is strong, we are dealing, in physical systems, with the dressed
entities (X%, X ¥) rather than with the bare ones (%, ). In previous approaches 1, 2],
calculations were based on the relaxation rates of the latter, even though the spin-spin
interaction of the former was taken into account. Yet, in general, the flip rates of the
dressed TLS are different from those of the bare ones. They may be computed from the
golden rule, which provides the formula

d
T = lim — Py oy (¢
lim = Piaj 4y (1)

= [ de Ty sy [ g (~ ) i (11a)

Here, Hy, is the sum of the fourth and fifth terms in (10a) and
Hﬂip (—=7) = exp(—iH7)Hpy, exp(iH,7) (11b)

Hj being the sum of the first three terms in (10a). We have rewritten the 6 function in
the golden rule expression as a time integral, since we are dealing with many-phonon
contributions, which can be handled easier this way. The equilibrium density operator
Py of the phonon system appears in the formula, because an average over all initial
phonon configurations has to be carried out.

l{n} n={ny)|n,) . .. |ny) describes the initial TLS configuration as a product of single
TLS states, the eigenstates of the X%, |{m}) is an analogous product for the final con-
figuration. We consider a transition with a single TLs flipping, i.e. {m} is a configuration
which is equal to {n} in all states except the kth one. For this case, the evaluation of (11)
yields

I“kTN =j drexp(iiEf,,}r)

[Ag
w

X exp<-—2 4
q

2
2I [n,(1 —e@)+ (n, + (1 - e‘i‘"v’)])
q :
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X {2 [WE2[n, es® + (n, + 1) e 7]

<2 22— {A’iq(n ed — (n, + 1) e @)

=3a- 5k,)(—1)"z+1ALq]>2} (124)

with

El, =E*+ 4; (1= 8,)(—1)m*1J4, (12b)

In this formula, n, is the thermal occupation number of phonon mode g. I“kT is the flip
rate of a TLS from its lower to its upper state (when it absorbs more energy in the many-
phonon process than it emits), I"‘l the rate of decay into the lower level. The sum of
these two quantities is the total relaxation rate I'“ of the kth TLs for a given configuration
of all the other TLS. In order to compare our formula with the familiar [17, 2]+

(1/T1) (= Toure) = (vi/ci +2vi/c} W2 E/2rh* p) coth(E/2k5 T) (13)

resulting from the same calculation with H,, instead of Hy;, (and a correspondingly
different H,, of course), we ought to perform an additional thermal average on (12) over
all TLS except the kth, which we are looking at (the superscript £ has been omitted in
(13)). For an accurate evaluation of (12) we need more detailed information than is
available for most glasses; therefore, we shall restrict our interest primarily to orders of
magnitude. We will then introduce several approximations in the process of evaluation
which turn out to render the thermal average unnecessary.

First, we neglect the /X term in the definition of £ f,,}, assuming that the sum of the
contributions of many TLS with differing signs will add up to something close to zero.
This is one of the oscillatory terms to be neglected which was mentioned in the intro-
duction. For the purpose of the calculation it is actually not necessary to replace the sum
by zero. Itis sufficient to substitute an average value which simply adds to the energy EX
given in (5). Since this does not change the calculation much, it can be done as easily as
the one presented here. We chose the value zero, because this choice seems least biased
in view of the fact that it is hard to give any quantitative estimate without detailed
information on the spatial distribution of the TLS and the resulting actual strengths of
the J¥. On average, the sum will be close to zero for temperatures that are not too
low, i.e. temperatures at which the TLS can be thermally excited. At T = 0, however, all
TLS will be in their ground state (all n, = 1) and zero will no longer be a good approxi-
mation to the sum.

Second, consider the term 2Z, (1 — ;) (=1)"*!(1/w )WEAL, in (12a). It has the
same structure as the second term in (12b) (see the definition of the J¥ after equation
(10)). The only difference is that A% is replaced with W%, meaning a multiplication by
W"/ A%, a small quantity for most TLS It is therefore con51stent to neglect this term as
well. Wxth these two approximations, equation (12) no longer depends on the particular
TLS configuration. While these may not be good approximations in a/l cases, they seem
justified as a first step in order to get an indication of the overall effects of the strong
phonon coupling. Anyhow, we do not claim more than qualitative accuracy for our
results.
t+ In the first derivation of this result [17], only one deformation potential was used instead of y;and y,.
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Our third approximation is to use the Debye density-of-states for the phonons as we
go to the continuum limit of (12). At low temperatures, this is clearly acceptable for all
sums containing a factor n, (producing a cutoff at high frequencies where the Debye
model is not valid), but it is not so obviously a good approximation for the sums
containing (n, + 1), because of the 1. (Of course, the earlier calculations leading to
equation (13) also rely on the Debye model.)

With these assumptions in addition to (7), the total relaxation rate becomes

G

Wk 2 rx - ek .
I+ = %E(F) j d7 (e + &) exp(=f(7) ~ ig(1))

X UwD do w*{n(w) e’ + [n(w) + 1] e~7}
0
w% (2—’;)2 ( fo " dw wn(w) e - [n(w) + 1] e‘iw})2] (14a)

where n(w) = 1/(e"/*sT — 1)

f(r) = a%(g—:)z fowD dw o2n(w) + 1][1 = cos(wT)] (14b)

g(r) = %(2—:)2 J:D dow w sin(wT) (14¢)
and

G = (yi/c] +2vt/c])(1/n*hp)wt (14d)

is a dimensionless constant. I’ kT is given by the e "£** term, Fﬁ by the e'E** term.

The relaxation rate I'* of (14) reduces to the simple form of [y, if f () and g(7) as
well as the last term on the right-hand side of (14a) are set equal to zero. In fact, for
symmetric TLS (A* = 0), these quantities are zero.

Consider now the asymmetric case. Evaluation of G for a standard set of parameters
(y,=1.6eV,y,=1.0eV,¢,=3kms™ !, ¢c,=2kms™!, p=2gem™, Op = fiwp/kg =
150 K) shows that in general G, and hence f(7), are not small quantities (G = 350).
Therefore, the exponential prefactor e ¥ will substantially reduce the relaxation rate,
even for quite small values of the asymmetry parameter (A*/E* = 0.1). This is most
easily seen by looking at the limit ¢t — = of (14b):

<

r@=6(5) (1+ 2+ 2ma-en - S5 27 (15)

where n = ©p/T.

To confirm this qualitative discussion, we have evaluated (14) numerically. For small
values of E* (which we are mainly interested in) the computation turns out to be a tricky
matter, because the (outer) integrand is a slowly decaying oscillating function at low
temperatures. Details of the integration procedure will be given elsewhere.
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T 1T T
-3 -2 -1 0 1
lg(r/8y)

Figure 1. Rate I'; of flips from the lower level
of a TLS into the upper level, as a function of
temperature, in the range 1073 ©p to 100p.
Double logarithmic plot. Parameters used are
given in the text. Full curve, rate for dressed TLS
according to equation (14); broken curve, rate

lg(l',lwo)

ig (7/8p)

Figure 2, Rate I' | of flips from the upper TLS level
into the lower one, as a function of temperature.
Double logarithmic plot. Parameters used are
giveninthe text, Fullcurve, dressed TLS (equation
(14)); broken curve, bare TLS (equation (13)).
Chain curve e ™ | ..

for bare TLs (equation (13)). The chain curve
represents e Ay .

Usmg the parameter set given above and a ratio A*/E* = 0.1 with E* = 0.01wp, we
obtain I'% 1 and T | as displayed in figures 1 and 2. In addition, we give the absorption
(ecn(E/#)) and emission parts (o< [n(E/#) + 1]) of formula (13) and the product of these
quantities with e /), It is obvious that the relaxation rates are indeed reduced by about
an order of magnitude at low T in comparison with the naive result (13). Moreover, we
find that at sufficiently low temperatures the relation I'yeqeq = € 7T, is a good
approximation to the exact result. The deviations of this formula are less than 1% (of
Tyressea) below 0.03 O, and less than 10% below 0.09 Op,. In our example, the reduction
factor is e /) = 0.176 below =0.1 @p,. It decreases very quickly with increasing A*: for
A¥/E* = 0.3 we have e ) = 1.6 X 1077 for A¥/E*=0.5,e /) = 1.3 x 107%.

At high temperatures (7 > ©p), our result has little physical significance, since we
have not considered non-linear couplings in the Hamiltonian, which will then become
important. Also the Debye model fails in that region. We have extended the calculations
to these temperatures only in order to show (qualitatively) that the phenomenon of
dynamic localisation may occur, i.e. the relaxation rate goes through a maximum and
decreases again.

Our main result is the strong reduction of flip rates for strongly coupled TLS. The
consequences of this result are as manifold as the application of (13).

We will give examples below. However, it may be useful to recall a few general facts
first. At present, there seems to exist a set of by-and-large consistent experimental values
for quantities like deformation potentials, TLS densities-of-states, and TLS relaxation
times, in several glasses. These quantities are, of course, not measured directly. Direct
experimental observation concerns different things, e.g. the decrease insignal amplitude
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due toultrasound attenuation, the variation of sound velocity as a function of frequency,
the amplitudes of phonon or photon echoes.

Consider phonon echoes. They are known to provide a measurement of the deform-
ation potential v which is independent of the TLs density-of-states [18]. However, quite
elaborate theoretical considerations are necessary before one arrives at the seemingly
direct result for the dephasing rate and then the deformation potential.

Hence the aforementioned consistent set of experimentally determined parameters
relies on a—presumably equally consistent—set of underlying theoretical assumptions,
i.e. not only the specific model, within which the data are interpreted, but also the
general theoretical framework.

Our result seems to imply that at least one of the equations widely used within this
framework does not fit together with another statement made within the same theoretical
building, namely that the interaction between TLS and phonon is ‘extremely strong’ [19].
We have merely calculated the TLs relaxation rate. We expect our argument to apply to
other quantities such as the phonon relaxation rate as well (which would directly affect
the interpretation of ultrasound attenuation measurements). In the following discussion,
however, we can only examine the most immediate consequences of our result.

For instance, deformation potentials y obtained by way of measurements of TLS
relaxation rates [18] may have to be corrected (if one is interested in the bare quantities)
towards larger values to compensate for the decrease by a factor e, unless the
experimental results were dominated by relaxation of symmetric or near symmetric TLS.
Thismay have beenthe case, butthenitis difficult to explain the observation of additional
faster relaxation processes in terms of spectral diffusion [18]. Inspection of (10a) and (7)
shows that, in the present approximation, the spin—spin interaction of symmetric TLS is
zero, hence these are not affected by spectral diffusion. (We will slightly modify this
statement below.)

Ofcourse, experimentalists have knownforalong period of time that the deformation
potentials obtained from measurements were effective, i.e. averaged values, and most
certainly it was also suspected that these quantities were renormalised through the
interaction—even though we are not aware of any explicit statement about this in the
TLs literature. On the other hand, merely switching to a description in terms of effective
quantities whilst sticking to the old formulae may not be sufficient, because the renor-
malisation changes functional dependencies as well, as we have seen. In our case, this
change may hardly be visible in the temperature direction of parameter space, because
it is well described by a simple prefactor over the experimentally relevant range of
temperatures, but it is quite pronounced in the A-direction.

To check on the possible effects of this strong A-dependence, we consider, in some
detail, the distribution of TLS relaxation rates. We will assume that the distribution of A
and A is constant in accord with the original ideas in [3] and [4]: P(A, 1) = P. We then
transform this distribution to new variables r = T1!/T 7}, and E, given by equation (5).
In the usual framework, » = (W/E)? and P(E, r) = P/2r(1 — r)'/2, which we call the
weak-coupling result. Within the present theory, however, we have for temperatures
below 0.030p

r=(W/E)2 e G'(8/B)? (16)

with (see (15))
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25 4
204
15 4
=
S
§ 1.0 4
0.5
04 Figure 3. Logarithmic plot of the TLs distri-
bution P(E, r). Full curve, strong coupling
result (equation (18)), G’ = 10; broken
curve, usual weak-coupling result (cor-
-05 4 responding to ¢ = 0 in [20]); chain curve,
T T T the formula of [20] with their suggested
0 05 10 value p = §; dotted curve, approximation
r (20). Pis set equal to 1 for convenience.
2 * L -n
/1 2 2 e "M
G’=G<%+—2+——1n(1—e‘")—-—52—2) (17)
3n 7 N n=1 R

which is only weakly temperature-dependent in the temperature range considered. This
leads to

P(E,r) = P/2ru(r){1 + G'[1 — u(r)*]} (18)
where u(r) = A/E is the inverse function of
Hu) = (1 —u?)e 4, (19)

This distribution is plotted in figure 3, together with the weak-coupling result and a
modified distribution used in [20], namely P(E, r) = P/2r(1 — r)"2~* with u = §. The
dotted line gives an analytical approximation to (18), valid for small values of u

P(E,r) = P/2r(1 + G")2(In(1/r)) V2. (20)

We have chosen the rather small value of G’ (= 10) in order to keep this approximation
(which improves with increasing G') distinguishable from the solid curve representing
the exact formula (18). The general shapes of the strong-coupling and the weak-coupling
curves are, for the 7 values considered, very similar to each other, much more so than
to the modified distribution. However, for the same value of P, the strong-coupling
distribution is reduced by approximately a factor (1 + G’)/?(close to r = 1) with respect
to the weak-coupling one. From the figure, it cannot be seen that the fota/ number of
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TLS is the same in both cases, because the curves are drawn for a common r range.
However, for given cutoffs in A and A of the distribution P(A, 4), the strong-coupling
result extends down to much lower rates r.

Of course, equation (18) may be used to calculate the time dependence of the specific
heat. If we set 7, = Timin/t, Where ¢ is the experimental time of observation, and
integrate (18) from r,;, to 1, we obtain the (exact) time dependent density-of-states:

n(E, £) = (P/2) In{[1 + w(T1ia/O]/[1 — t(T1min /0)]}- (21)
This yields the following short-time and long-time results for the specific heat:
C(T, 1) = (*/6p)k3 TP{[1/(1 + G")]In(t/ Ty in )} (t= Tinin) (22)
C(T, 1) = (n?/12p)k3 TP[In(4t/ T ) — G'] (t> €% Tipin). (23)

Given the constancy of the TLS distribution in the variables A and A, the first equation
constitutes a new prediction for the short-time behaviour of the specific heat. The second
result is, apart from the summand —G’, identical to the familiar logarithmic time
dependence from weak-coupling theory. Note, however, that in the present theory this
result holds only in the extreme long-time limit.

On the other hand, for experiments taking place on short time scales the effective
distribution of the TLS asymmetry parameter A may be much narrower than theoretically
anticipated [3, 4] due to the slowing down of asymmetric TLS. This could yield an
explanation, along the lines suggested in [18] for the discrepancy between TLs densities-
of-states inferred from ultrasound experiments and specific heat measurements. Since
the time scale of the former is much shorter, they may just not probe many slow
asymmetric TLS.

Noting that our result differs from the frequently used formula (13) by just a factor
(which is, however, A-dependent) over a wide temperature range, we conclude that
previous results depending only on the functional form of T'* may merely be affected
within prefactors. This explains to some extent the success of these theories despite
their failure to account properly for the strong TLs—phonon interaction. Whether the
parameters needed in modified prefactors are still physically reasonable has to be
reviewed in each case. Evenif it turns out that current theories need not be altered much
if all bare parameters are replaced with dressed ones, the present work opens up the
possibility actually to calculate the bare quantities. This may have important con-
sequences regarding our microscopic picture of the TLs. Furthermore, we may speculate
that certain puzzling scaling relations like the constancy of the product Py?/pc? for a
wide variety of glasses [21] will find an explanation in terms of the proper relations
between bare and dressed quantities.

Let us discuss two final theoretical examples. In [2], an expression was derived for
the decay time of phonon echoes in the presence of spectral diffusion, which was later
employed in the explanation of homogeneous optical linewidths in glasses [22, 23]. This
formula contains the TLS relaxation rate 1/T, which, however, has no influence on the
temperature dependence of the infinite-time result for the linewidth. Yet, a general
reduction of relaxation rates for asymmetric TLS should, in principle, make the inter-
mediate-time result in [23] applicable to a wider range of experimental situations. Again,
there may be a quantitative problem, because the fastest relaxing TLs (the symmetric
ones) which were supposed to contribute most, contribute /east to spectral diffusion.

Theories of homogeneous optical linewidths not invoking spectral diffusion ([24} and
references therein) should be affected, too. In these theories, the relative contribution of
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symmetric TLS to the linewidth will become more important. Because the symmetric TLS
generally have much smaller energy splittings than the asymmetric ones, most of them
canbe described in the high-temperature approximation even at fairly low temperatures.
Therefore, we expect the theoretical temperature dependence to be modified somewhat
towards linearity (7). It remains to be examined if this effect is strong enough to change
the temperature exponents presently obtained to values which no longer agree with
experiment, thus indicating the necessity of major modifications of the theory. On the
other hand, since at low temperatures the TLs with large energy splittings contribute
little to the linewidth anyways, it is also possible that the alterations are not remarkable.

Finally, we would like to point out that this is only the beginning of the story. Had
we taken the strong phonon coupling even more seriously, we would have introduced,
instead of (8), a unitary transformation with the exponent

—% (o )(Akak + Whak)(b, —b7,)

which is diagonal in the localised TLS states, to get rid of the entire linear coupling H,,.
This changes the spin-spin interaction term into

k ! g
3 Lo (S W W)
gk E

Hence the symmetric TLS are no longer special in not having reduced relaxation rates
and zero interaction, but for them the interaction does not contain any pure XXX/ terms
(however, 343! and 243! terms are present). The main features obtained with this
transformation are similar to the results presented above. However, the energy splitting
of the TLS changes somewhat, because H; is non-diagonal in the localised basis. It is
not clear a priori which of the two transformations produces a better zeroth-order
Hamiltonian.

We need not stop at linear TLS—phonon interactions and the corresponding unitary
transformations. If the ideas in [23] about the importance of the Raman process are
correct, it is almost mandatory to include quadratic phonon coupling (even though we
have already taken some many-phonon processes into account). This can also be treated
in the framework of unitary transformations, as shown in [25]. The calculations are much
more complicated but may lead to drastic new effects including a change of the phonon
dispersion law.

As to the present state of the art, there are many publications claiming success in
explaining thermal, acoustic, and optical properties of glasses on the basis of the TLs
model. However, they do not take strong coupling effects into account, even though the
strong TLS—phonon interaction is sometimes emphasised [19]. It would therefore seem
from the above considerations that the dynamics of TLS in glasses are still not well
understood. Atthe very least, it has to be explained (i) why weak-coupling theories have
been so successful, (ii) which parameters must be changed in which direction in order to
account for strong coupling, and (iii) why this is uncritical. In the worst case, the
erroneous or unrealistic assumptions in these theories must be found, anditisinteresting
whether this will lead to new physical insights.
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