
PHYSICAL RE VIEW B VOLUME 9, NUMBER 8 15 APRIL 1974

Possible e»stence of a phonon bottleneck in the paraelectric resonance of smoky quartz
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Strong saturation of the observed intensity of the paraelectric resonance line in smoky quartz is

reported for temperatures in the liquid-hehum range. Quantitative agreement with the data is obtained
with a tentative model in which the localized electric dipoles are strongly coupled to lattice phonons
and in which a phonon bottleneck exists. The latter should allow an increase of the effective

temperature of the dipole system with an increase of the micro~ave power via a mechanism of acoustic
paraelectric resonance with piezoelectrically generated phonons. Above 2.5 K multiphonon effects
become of importance and should reduce the effect of the phonon bottleneck.

In tmo previous papers, "paraelectric reso-
nance (PER) of centers in x-irradiated Al-doped
e-quartz crystals has been reported. The center
involved is an electron hole, trapped at the pair
of oxygen ions lying almost on the same c axis (the
optical axis) and which are the nearest neighbors
of a substitutional A13' impurity ion. The structure
of this center has been thoroughly studied by elec-
tron paramagnetic resonance. ' If localized, the
electron together mith the Al' ion constitutes an
electric dipole. The electron may tunnel between
the two equilibrium positions, which corresponds
to a reorientation of the dipole, giving rise to
Debye-type dielectric relaxation losses. These
have been investigated in detail by de Vos and
Volger. 6 According to these authors the tunnel ma-
trix element 4 is about 6 = 5 @10 ' eV.

In addition to the tunnel splitting, the energy
levels are split when an external electric field E
is applied parallel to the c axis. Resonant transi-
tions can then be obtained by application of an os-
cillating electric field parallel to E and with an
angular frequency & when, in first approximation,
the strength E of E is equal to Eo with

f((o', (o) = (aMv) ' (exp [ —S'((g ' —(o)'/a']

+ exp [ —h~(&u'+ &o)2/a'] J, (2)

with a =2. 5&10 eV. co is defined by

~'=2p~E/h. (&)

We observed that the PER of the center shows a

where p, D is the effective dipole moment. Such a
resonance was observed with 3-cm microwaves'~ and
appeared to be strongly inhomogeneously broadened,
which appeared from our observation that the width
of the PER signal varied from sample to sample.
Such a broadening is presumably due to strains and
dipole-dipole interactions as is, for instance, also
the case in the PER of KCl: OH .' 9 The broaden-
ing appeared to have the form~

remarkable saturationbehavior (Fig. l), which has
partly been published in Ref. 1 and which is shown at
4.21 and at l. 72 K as a function of the microwave
power which was applied to the microwave cavity
containing the sample. The detector crystal was
biased in order to keep it in the linear region, so
the signal amplitude is proportional to (S'„)'
where W~ is the absorbed power. Owing to the
differential detection technique which was used,
W„ is purely the absorption due to transitions of
the electric dipoles. In Fig. 1 the signal ampli-
tudes are normalized at unity for a microwave
power of —50 da. The saturation behavior was the
same in different samples and can be explained
with the aid of recently developed insights into the
mechanisms which govern the paraelectric relaxa-
tion. '0 '4

The piezoelectric properties of n-quartz mill be
essential in our model. The experimental arrange-
ment was such that a thin plane-parallel platelet
of a quartz crystal mas mounted in a reentrant
cavity in a may similar to the configuration which
is used for the generation of microwave phonons. '
Both the microwave and the static electric field
were applied parall. el to the c axis of the sample.
When a microwave power 8' is applied to a quartz
sample, the maximum number of phonons would be
generated in a "X-cut crystal, "whereas in our
configuration, in principle, no piezoelectric cou-
pling occurred. ' However, as in practice the micro-
wave field had also small components perpendicular
to the crystal c axis, piezoelectric generation of
phonons occurred. The number of phonons which
mas created per unit of time will be denoted by
pW/Su. p is a dimensionless parameter describ-
ing the piezoelectric coupling.

A block diagram of the flow of energy is pre-
sented in I'ig. 2. The microwave power 8'produces
phonons with frequency + in two ways:

(i) Via the piezoelectric coupling mentioned above.
(ii) Power is absorbed by resonant transitions in

the dipole system. This absorption W„will be
characterized by a dimensionless coupling param-
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As a model for the dipole system we will use a
two-level s sty em with occupation numbers n1 and

co. ext we define:n~ and an energy splitting 5 = h N

='fI,1 + pgp and g =Pl —Pl The thermal-equilibrium
value of n will be denenoted by no; no = X tanh(5/2kT).

In the first instance, following the t te reatments of
given y somesa ra ion and phonon bottleneck as i b

an adding theauthors for the magnetic case2' ~~ d

piezoelectric effect, we obtain the folio
equation.

in e ollowing rate

Al A[(2-P+ 1)n —N] —2nn(W/5) g(u' —Id)

—(n-n)T '
0 1g ~ (4)

The spontaneous emission rate for direct relaxa-
tion A may also be written as A = T ' tanh 5 2kT),

i » being the direct relaxation t'ion arne. g m —a)
is the shape factor for the PER- b-a sorption line; p
is the occupation number of the phonon modes with
fre uenc
the Pl

q cy co. In thermal equilibrium
'

m is given by
e lanck distribution function , = e —1)

P follows from

dp
dt

——(p —po) 7' ~„'+ p(H'/5) + W~a[5 p(5) d5] (5)

Sgp is the fraction of 8 ~ which is eventually con-
ing erms via theverted into phonons "on speak' t

p is e density ofirect relaxation process. (5)
'

th
phonon states and d5 is the bandwidth of phonons
interacting with the dipoles.

InPERe e '

is fixed
xp riments the microwave frerequency ~

ixed and the applied field strength E is varied.
Equations (4) andan (5) could be rewritten in terms
of E using the relations (1) and (3). As in our ex-
periment E was varied slowl y, we assume to have
steady state, i.e. , dn/dt= dp/dt=0. The total
microwave power 8'„which is absorbed by resonant

= nWn. Solving n from the Eqs. (4) and (5) under

the inh
the steady-state condition and tak'

e inhomogeneous broadening f(Id, Id), we find2'

W~= aW(AN+no T ~)
f(u)", ~)g(Id"- ~)

A(2p+1)+1/T„+2m(W/5) g( ')
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FIG. 2. Block diagram
of the flow of energy in the
paraelectric resonance of
the centers in smoky quartz.
The meaning of the symbols
used in this figure is men-
tioned in the text.
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P=go+', o[P(w/5)+ WgD[~p(5) d5] ~) . (6)

For some limiting cases analytic expressions
can be found for W„and for p:

(a) W small [W«[A(2 p+ 1)+T,z] 5/2a) and P =Po.
In this case the phonon system is in thermal equi-
librium with the bath, p=pp, and W„ is given by

W„= oWnof("', ").
This agrees with the experimentally observed pro-
portionality between W~ and W for small magni-
tudes of W(see Fig. 1, the straight line marked
W'~ represents a dependence W„"W).

(b) W /arge and p =p, . Now W„ increases, with
increasing W, asymptotically to the saturation
value:

As the width of the inhomogeneous broadening is
probably large in comparison with the width of the
line shape g(u& —ur) and as the complexity of the
saturation behavior does not enable us to determine
the form of g(ur —«) from it, we simplify by taking
for g(« —~) a function which equals unity for
z —oy &&u" &sr+ —,'y [y being small with respect to
the width a of f(&u, &u )] and which equals zero for
all other values of & . This means that the shape
of the PER signal does not depend on W, which is
in accordance with our observations. Expression
(6a) is now simplified to

Wz = ~W(AN+no T &I)

[A(2 p+1)+ T jl+2n(W/5) ] 'y f(~, &u). (6b)

The fraction W» of 8'~ is given by

W» = awAN[A(2 p+ 1)+2o(w/5)] 'yf(«, ~) .
(~)

Equation (5) yields

the energy levels of the paraelectric impurity are
directly coupled to the crystalline electric field.
These authors treat the phonon coupling as the
main effect and introduce the tunneling as a per-
turbation. This is only valid when the observed
tunneling parameter b «5, which is the case here
(~-5x107 eV, 5-4x10~ eV). The main feature
of their model is that multiphonon absorption and
emission become important above a characteristic
temperature T, which, when the Debye model is
assumed, takes the form

T, = g",u '(2/2-'W)'" (12)

D=exp — W„. ~ ' 2p + +1

The W„are dipole-lattice coupling constants and
the summation is over all acoustical phonon modes.
In the Debye model and for kT «h«o (which is the
case in the present experiment: T-4 K and h~o/
k-470 K for n-quartz" ), D takes the form

g= g +0 l'T'p2
(14)

&D is the Debye cutoff frequency, k is Boltzmann's
factor, and Wp is a dimensionless parameter re-
lated to the response of the lattice to external
strain. The effect of the multiphonon interactions
is the formation of a continuum of phonon sidebands.
In PER only the zero-phonon line ("dipole flip" only)
is observed and its intensity decreases when the
temperature is increased because the multiphonon
effects then become more important and relatively
more oscillator strength is transferred to the side
bands. Owing to this effect the intensity of the
zero-phonon line is multiplied by an exponential
factor D which has the form of a Debye-Wailer fac-
tor and is given by'

W„- o5(AN+no Tjg) yf((d «). (10)

(c) W large and P'Po (v,„[P(w/5)
+ W»[5p(5) d5] ' & po). Now a phonon bottleneck
occurs; according to Eq. (8) the number of phonons
with frequency w becomes larger than the thermal-
equilibrium value Pp. However, in this case and in
the model developed thus far, W„approaches a
flat saturation level too. This level is given by

W"- —,'5(AN+no T j')(1+Ax „Pe ) 'y f(cu', (o) (ll)
and saturation is reached at lower values of W than
in case (b).

The understanding of the sharp decrease of the
saturation level with increasing W, as is suggested
by our experiments (Fig. 1), involves the incor-
poration of dynamic lattice processes. Sander and
Shore' '"'4 showed that many properties of para-
electric defects can well be understood when it is
assumed that the centers are strongly coupled to
the acoustical phonons. This seems reasonable as
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FIG. 3. Square of the signal amplitude of the PER sig-
nal in smoky quartz as a function of the bath temperature

The dots give the experimental points. The solid line
represents an exp(- T /To) dependence ~vith Tp=2. 5 K.
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The temperature dependence which we observed of
the intensity of the PER signal in smoky quartz
(Fig. 3) followed this behavior closely which indi-
cates that the application of the strong-coupling
theory is justified. The fit is obtained for T, = (2. 5

+0.1) K, yielding a value of W, =1.3xl0 4.

In the case of a phonon bottleneck the number of
phonons with frequency & is enhanced as given in
Eq. (6). From solving the rate equations it follows
that n then has to be multiplied by

exp -c~ 27» W' 5 +8'» 5p 5 d5 ' +1, 15

W„cr —,
' 5 AN(1 +A v,~P a ') '

yf(v, v)

xexp[-2c, T„p(W/5)], (16)

which may be written as c, exp[ —cz r,„(W/5)] in
which c, and c, are constants. Such a dependence
is shown by the curve marked e in Fig. 1, which
agrees well, for large W', with the observed be-
havior at T =1.72 K. Physically the effect can be
described as a shift of the absorption of microwave
power by the dipole system from direct absorption
towards absorption of resonant phonons, generated
owing to the piezoelectric coupling, The latter

where ca is a constant containing the factor (T»
+ T,I'). As the PER intensity is proportional to n,
it has also to be multiplied by the factor (15). For
T well below T„T,z can be put ~ in expression (11)
and the signal intensity will now be about propor-
tional to

absorption does not contribute to 8"„, owing to the
fact that P does not depend on E and to the differen-
tial detection technique. The absorption of gener-
ated phonons might also be called acoustic paraelec-
tric resonance. " Some quantitative information on
the parameters in expression (16) might be obtained
from the experiments if the absolute values of 8'„
and 8' were known. However, the determination of
TV requires, among other things, the calculation of
the filling factor of the microwave cavity, which is
quite a problem for PER cavities. Should this
problem be solved, however, still too many param-
eters are involved to be able to state as a definite
conclusion from the PER experiments that a pho-
non bottleneck exists. Definite conclusions in the
case involved might be obtained from other experi-
ments, e.g. , Brillouin scattering.

When T is above To the multiphonon effects be-
come of importance. They come into the formulas
derived above via the parameter T», the relaxation
time for the indirect processes. T» depends
strongly on the temperature T, the lowest power
of T in T,i'being" ' about T~. Therefore the
slight heating of the sample due to the microwave
absorption will strongly lower the relaxation time
T». For this reason we expect a less sharp de-
crease of W'„with increasing 8' as predicted by
expression (16) when T & To. This is confirmed by
the experiment as is illustrated in Fig. 1 by the
observed saturation behavior for T =4.21 K.

The authors wish to thank Dr. R. J. de Vos for
reading the manuscript and valuable criticism.
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