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The coherent dynamics of atomic tunneling states in (KBr);_,(KCN), crystals in the concentration
range 0.001 = x >0.18 have been investigated at low temperatures with two types of dielectric echo ex-
periments at 800 MHz. In rotary echoes we find a distribution of the Rabi frequency which is very nar-
row in comparison with corresponding results from structural glasses. This shows that the distribution
of tunnel splittings in (KBr),_,(KCN), differs significantly from that in amorphous materials. At least
from this point of view, it is doubtful whether (KBr),_,(KCN), can be considered a model system for
the low-temperature properties of the tunneling states in glasses. In addition we have investigated the
temperature dependence of the phase memory and of the energy relaxation time of the tunneling states
by studying the decay of the spontaneous and the stimulated echo in two- and three-pulse echo experi-

ments.

I. INTRODUCTION

(KBr),_,(KCN), is a dielectric mixed crystal with a
sodium chloride structure in which cigar shaped CN™
molecules are randomly situated on bromium sites. Due
to the similar mean radius of Br~ and CN 7, it is possible
to grow single (KBr),_, (KCN), crystals in the full CN™
concentration range x. Via their elastic quadrupole and
their electric dipole-moments the CN~ molecules in-
teract mutually and with external fields.

At room temperature the CN~ molecules rotate freely
on their lattice sites. At low temperature, however, this
motion freezes, the orientation of the molecules being
determined by the crystal field and the elastic and electric
interaction among each other.'? Depending on the CN™
concentration, various ordered and disordered phases ex-
ist.2 In the case of very low CN~ concentration
(x $107%) the intermolecular interaction is negligible
and the isolated CN~ molecules are oriented in one of
the eight {(111) directions of the cubic KBr host crystal.>
The potential barrier between two neighboring (111)
orientations has been measured as ¥ /ky =35 K.* There-
fore, a change of orientation of the CN~ molecules at
temperatures well below 35 K is only possible by
quantum-mechanical tunneling through this barrier. Ro-
tational tunneling between the eight energetically
equivalent orientations results in four equidistant levels,
the middle two of which being triply degenerate. A tun-
nel splitting splitting Ay/kp between 0.6 and 1.5 K was
derived from specific-heat measurements,*> thermal con-
ductivity,® and infrared absorption.>’

With increasing concentration of CN ™ ions, their indi-
vidual potential becomes more and more distorted by
those on nearby sites. Because of the random distribu-
tion of CN™ sites and of the strong intermolecular in-
teraction, for 0.05 <x <0.55, the CN~ molecules freeze
in a phase with almost random orientation,>%° called the
orientational glass state. At CN~ concentrations greater
than 55%, the CN~ molecules form phases with long-
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range orientational order.?

The properties of (KBr),_, (KCN), in the orientation-
al glass state have been investigated intensively over the
last decade and a detailed review of the results has been
given by Hochli, Knorr, and Loidl."® Since measure-
ments of the low-temperature thermal properties of
(KBr),_,(KCN), samples within this concentration
range*> have shown a behavior known from structural
glasses, (KBr),_,(KCN), has been suggested as a model
system for an understanding of the origin of the universal
low-temperature anomalies of amorphous materials.!!!?
By varying the concentration of the CN~ molecules in
KBr crystals from the very dilute case to highly concen-
trated samples it should be possible to investigate the role
of intermolecular interaction in the transition from a typ-
ical crystalline to a glasslike phase.

The results of various low-temperature experi-
ments'*~ 1% have confirmed the similarity between
(KBr), _,(KCN), in the orientational glass state and
structural glasses. In fact, many of these results could be
described successfully using the tunneling model,'®!’
which was originally developed for glasses. Even so, it is
still unclear whether (KBr),_,(KCN), will turn out to be
a useful model system to answer two long-standing ques-
tions: What is the microscopic origin of the tunneling
states in amorphous materials and how can the distribu-
tion of their parameters be explained?

In connection with these questions, it will be very use-
ful to study the dynamics of the tunneling states of this
system in detail for two reasons: First, the knowledge of
such detailed properties will allow a deeper understand-
ing of the similarity of orientational and structural
glasses, regarding their low-temperature properties.
Second, in a model system as well defined as this, it
should be possible to theoretically predict the results
from a microscopic point of view.

While the coherent dynamics of tunneling states in
glasses have been widely investigated,'® only very few
such experiments on (KBr),_,(KCN), have been report-
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ed so far.!®?° To study the dynamical properties of the
tunneling states in (KBr),_,(KCN), we have performed
dielectric echo experiments on samples with CN~ con-
centrations between x =0.001 and x =0.18 at 800 MHz
and at temperatures below 100 mK. Dielectric echo ex-
periments are a powerful tool to measure the relaxation
times, the coupling constant, and the distribution of the
parameters of the tunneling states.

II. THEORETICAL BACKGROUND

In this section, we will briefly review some theoretical
aspects needed to describe and discuss the coherent dy-
namics of atomic tunneling systems. Since the key issue
of this work is to compare the results of echo experiments
on (KBr),_,(KCN), with those obtained in analogous
measurements on glasses, we will also discuss predictions
pertaining to amorphous solids.

Instead of using the eight eigenstates expected for
(111) tunneling of the CN ™~ molecules, we will simplify
the problem by discussing a two-level system instead.
This approach is justified because the states relevant in
our resonant experiments have energy splittings on the
order of 35 mK and, therefore, cannot be the unper-
turbed CN™ tunneling systems with a tunneling splitting
of about 1 K known from the dilute case. They must
originate from CN~ states whose energy spectrum is
strongly modified by the interaction with strain or electri-
cal fields from neighboring defects. Such effects have
been discussed in Refs. 21 and 5 and it has been shown in
Ref. 21 that interaction will lead to two lowest, closely
spaced levels that are well separated in energy from the
higher levels.

In the simplest case the tunneling states are described
as particles with mass m moving in a double well com-
posed of two harmonic potentials with ground-state ener-
gy E,. The double-well potential is characterized by the
barrier height V and the distance d of the wells in
configurational space. Due to variations of the environ-
ment, the minima of the wells may differ by an asym-
metry energy A. The overlap of the ground-state wave
functions of the single wells leads to a tunnel splitting A,
Using the WKB method A, can be estimated as

2E,
~ —X
R €
with
d ——
Y 2mV (1)

The total-energy splitting between the two states is given
by

E=1A2+A%. )

The tunneling states interact with external electrical
fields F via their permanent electrical-dipole moment p.
Using the rotating wave approximation?> we will assume
a circularly polarized field F(z)=(F,/2)(Xsinwt
+9§coswt) for the further discussion. The Hamiltonian
for this problem is given by

A —A,
—A, —A

E O
0 —E

H=2
2

1

B p-F(2) . (3)

Because we are interested in the resonant interaction with
the tunneling states, the modulation of the energy split-
ting E by the diagonal elements in the perturbation term
in Eq. (3) will be neglected henceforth. In a first-order
approximation the wave function will be a linear com-
bination of the eigenfunctions ¥, and ¥ _ of the undis-
turbed tunneling system: W(#)=a()¥, +b()¥V_. In-
stead of finding solutions for a(z) and b(¢), the
differential equation for the vector

ab*+ba*
S(z)=:|i(ab*—ba™*) 4)
aa*—bb*

is set up.2 In contrast to the formally corresponding
problem of a spin 1 in a magnetic field, the S space is not
identical with the physical space. However, with
©=(Ay/E)|p| and N the number of resonant tunneling
states, the physical meaning of the individual components
of S can be interpreted as follows: NuS,=P, and
NuS, =P, are the induced polarizations in x,y direction.
S, =8N represents the occupation difference between the
ground state and the excited state. Using this formalism
the Schrodinger equation transforms into

9S(¢)

2 =h(n)xs(0),
with
—uF, (1)
h(t)=% —uF,(1) | . 5)
fiw

In case of resonance w =E /#i=w, the solution of S(¢) is

S, (£)=—sin(Qg ¢ )sin(w,t) , (6)
S, (t)=sin(Qgt)cos(w,) , (7
S,(t)=—cos(Qgt), (8)
where Qy is the Rabi frequency, given by
1 A
Q=% EPFo- ©

The solution can be interpreted as the superposition of
two independent motions of S: A precession around the z
axis at the resonance frequency w, and a nutational
motion at the Rabi frequency 3. For an ensemble of
identical tunneling states the application of a circularly
polarized rf field leads to a periodical change of the occu-
pation number of the two levels and to a harmonical os-
cillation of the macroscopic polarization of the sample
with Q. For real systems, however, the amplitude of
this oscillation decreases in time for two reasons. First,
any distribution in E or Qy will lead to an increasingly
destructive superposition of both precession and nuta-
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tion. Second, the macroscopic polarization is attenuated
by irreversible processes such as spontaneous emission
and absorption, spin diffusion, and spectral diffusion.?*-2¢
These processes are taken into account phenomenologi-
cally in the Bloch equations,27 where two relaxation times
7, and 7, are introduced. This set of equations was origi-
nally derived for spin 1 systems in a magnetic field.
Transformed into a coordinate system rotating at o, for
the case of tunneling states, the Bloch equations can be
written as

as, 1
ar ——T—ZSX—(a)——w,)Sy , (10)

95, 1S, — L8 — QS 1
dt-—-a) @D, ), sz RRPz > ()

das,
dt

where Sh= —%tanh(E /2kgT) represents the thermal
equilibrium value of the population difference. The longi-
tudinal relaxation time 7, describes the return to thermal
equilibrium after a change of the population difference.
For temperatures well below 1 K in most cases longitudi-
nal relaxation takes place via the one phonon process.
The relaxation rate of this so-called direct process for
tunneling states with two levels is given by??

(s —Sh), (12)

2 2 2
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where p is the mass density, y; and v; the elastic defor-
mation potentials and the velocity of sound for longitudi-
nal and transverse phonons, respectively. In
(KBr),_,(KCN), samples with CN~ concentrations of
the order of a few percent, however, collective relaxation
J

processes within small clusters of interacting tunneling
systems are also important.?>3° The temperature depen-
dence of the relaxation rate of such processes is rather
unusual, as the rate decreases with increasing tempera-
ture.’!

The transverse relaxation time 7, is the time during
which coherence of the resonant systems is preserved. It
is limited by longitudinal relaxation and by processes that
affect the phase of the precessing tunneling states. This
situation can be expressed by 7; |=7] 1/2+'r¢ in which
a phase memory time 7, is introduced. The origin of 7 is
the mutual interaction of the tunneling states. One pro-
cess well known in magnetic resonance® is the mutual
flipping of systems of the same energy, called spin
diffusion. In glasses, however, the density of tunneling
states in resonance with the applied field is too dilute for
this process to dominate dephasing. Here a more efficient
dephasing mechanism, spectral diffusion becomes impor-
tant. It is caused by the interaction of nonresonant, but
thermally activated tunneling states with the resonant
systems.?*~2% In the short time limit of this process,
where the 7, of the nonresonant systems are longer than
the duration of the echo experiment, a nonexponential
decay of the echo is expected and a temperature depen-
dence of the phase memory time Ty ™ T~ 2. Indeed, due
to this process, the temperature dependence of 7, in pure
structural glasses is 7, T'~2.3 Situations in which the
short time limit does not apply have been investigated>*
and in these regimes more complex decay patterns are
predicted.

The previously described coherent behavior can only
be studied if the time scale of the experiment is shorter
than or of the order of the relaxation times 7; and 7,. If
Qg >7 7, !, the Bloch equations (10)-(12) can be
solved analytically®

h
1 _ - Wa g . 0 Qp - S;'Qroy
S, =S3§[Qie *+wle Ploos(Qr)] =S —=e Pisin(Qr) +S)———[e Pcos(Qt)—e “’]+W[e *—1],
(14)
owd — Bt 0. — ()Q‘R —Bt.: zthQR 1 — —Bt
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with abbreviations:
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S? denotes the components of S at ¢ =0 before the exter-
nal field is applied. w;=w—w, is the difference between
the frequency of the applied ﬁeld and the resonance fre-

B’sin(ﬂt)-i—Szobl—z[w,z,e —at4 0k e Picos(Qt)]

(16)

f

quency of the tunneling system, and Q=(Qi +co‘21 )12 s
the effective Rabi frequency. These rather complex look-
ing solutions can be simplified significantly in many cases.
For example in rotary echo experiments with phase re-
versal of the external field at 7 =z, (see Sec. IV), we have
S,?=S}? =0 and S2= —1. If furthermore we only consid-
er terms contributing to the rotary echo, its amplitude is
being given by
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3
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Xsin[Q(r —21,)]d AydE . 17

P(E,A,) denotes the distribution function. In general,
the dipole moment and the angle 0 between orientation of
the dipole moment and the direction of the applied field
may also be distributed and have to be taken into ac-
count. In glasses, rotary echo experiments®® have been
successfully described using an isotropic distribution of 9,
a Gaussian distribution of the dipole moment, and a dis-

tribution of A, and E according to the tunneling mod-
11617

P(E,Ag)dE dA0=FA£—~L—_—dE dA,,  (18)
0

V' E*—A}

where P is a material dependent constant. One central
question of this work was to find out to what extent con-
centrated (KBr),_,(KCN), samples have similar distri-
butions of the quantities Ay and E.

III. EXPERIMENTAL TECHNIQUE

As discussed in Sec II, a significant population
difference is necessary in order to obtain a detectable
echo amplitude. Furthermore, in order to study the tem-
perature dependence of 7, and 7,, a sufficiently large tem-
perature range must be available for the experiment.
Therefore, at our measuring frequency of 800 MHz, cool-
ing of the samples to temperatures around 10 mK was
necessary. Consequently, all experiments were performed
in a *He-*He dilution refrigerator. The cooling power of
this apparatus is sufficient to overcome the heat input by
the two coaxial cables carrying the rf signals and by the
rf power dissipated in the experiment itself. All rf lines
inside the refrigerator are semirigid coaxial cables with a
low insertion loss up into the GHz range. Inside the vac-
uum enclosure of the refrigerator the coaxial cables are
made from superconducting niobium in order to keep the
heat input by thermal conduction as low as possible.
Thermalization of the niobium cables is performed at the
still (=~0.7 K) with custom-made stripline devices on a
single-crystal sapphire substrate.

The echo experiments were performed in a reentrant
microwave resonator screwed to the mixing chamber of
the refrigerator with a low-pitch thread in order to im-
prove thermal contact. The resonator is made from
gold-plated oxygen-free copper. The samples,’ disks
with a thickness of 2 mm and a diameter of about 1 cm
were mounted in the region between the center post and
the bottom of the resonator. In this area, a large portion
of the electric-field component of the resonator is concen-
trated and, because of the diameter of the center post (15
mm), the field is rather homogeneous. The bottom of the
resonator is movable and pressed against the mixing
chamber in order to ensure good thermal contact with
both sides of the sample.

The rf signal is coupled into the resonator by a loop at
the end of a short piece of semirigid coaxial cable. The

loop can be rotated in order to adjust the degree of cou-
pling. Heat transfer from the coaxial cables to the reso-
nator and the sample is much reduced by a teflon bushing
between the resonator wall and the coaxial cable. In
most experiments the coupling was adjusted to an over-
coupled condition keeping the Q factor of the resonator
low (Q =150) thus allowing experiments with high time
resolution.

In nonlinear phenomena like the echoes we have inves-
tigated, knowledge of the absolute field amplitude in the
sample is of importance. Therefore, for each experiment,
the rf amplitude transmitted to the sample was measured
outside the cryostat with a rf power meter, and the loss in
the cables inside the cryostat was taken into account sep-
arately. In order to determine the amplitude inside the
cavity, a second weakly coupled small loop was installed.
With this loop a relative measure of the field amplitude
could be obtained even during the experiment by simply
measuring the rf amplitude at this loop. For a link of this
value with an absolute measurement of the field ampli-
tude, the coupling of the big loop was adjusted for critical
coupling after the experiment. Under this condition all rf
power is coupled into the cavity and the stored rf energy
is, therefore, known. For an assessment of the field
strength in the sample, the perturbation technique was
employed. To this purpose two samples of the same ma-
terial and of identical dimension were prepared, one of
which (sample 2) had a 2-mm hole in the center. Pertur-
bation theory associates the change & of the resonant
frequency o of the cavity with the change of rf energy in
the sample relative to that in the whole resonator

Sw f

eole,—1)FXdV — [ eole, — 1) F2dV

ow sample 1 sample 2
@ 2  goe, FXV
cavity
I} e FldV
~— ale . (19)
2 f goe, FXdV
cavity

where F is the electric field and €, the dielectric constant
in the sample. On the other hand, the denominator in
Eq. (19) can also be expressed by the energy stored in the
resonator with Q-factor Q

cavity

1
2 g0, F2dV = w—EOP,fQ , (20)

where P is the microwave power coupled into the reso-
nator. If the field F in the sample is assumed to be homo-
geneous, the electric field in the hole—and thus in the
whole sample—is given by

172

Per

Fe~ 80—
€o€, 0 Vhole

S (21)

Using this method, the electric-field amplitude in the
sample could be determined to an accuracy of 20%.

Let us now turn to the electronic circuitry necessary to
generate and detect dielectric echo phenomena. An
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overall schematic is shown in Fig. 1. The electronic sys-
tem had to fulfill several demands: On the transmitter
side it had to deliver rf pulses with duration ranging from
0.1 to 100 us, and with peak powers between 10 dBm (10
mW) and —40 dBm (1077 W). Furthermore, the phase
of these pulses had to be switchable by 180° within the
duration of a pulse in less than 1 us.

The rf signal was produced by a microwave synthesizer
(Rohde & Schwarz SMH). High-frequency stability of
the rf signal is necessary for our experiment because of
the phase-sensitive detection in the receiver, which will
be discussed later. After the generator the signal is split
between the receiver and the transmitter branch. In or-
der to achieve the power level demanded by the experi-
ment, the power divider was followed by a variable at-
tenuator. The pulse shape of the rf signal was produced
by a p-i-n diode switch with an on-off transit time of
about 15 ns.

After the pulse shaping diode switch, the signal was
split again, and a delay corresponding to a phase shift of
180° was introduced into one branch. By changing the
position of the following double throw p-i-n diode switch,
the signal could be phase inverted within less than 1 us.
Both p-i-n diode switches received their control signals
from a four-channel digital delay generator with a resolu-
tion of 10 ns (Systron Donner 604).

From the double throw diode switch the signal was fed
to another power divider and from there through a circu-
lator into the cryostat and the resonator cavity. The pur-
pose of the circulator was to provide a unidirectional
power flow from the transmitter circuitry into the resona-
tor and from there into the receiver branch thus improv-
ing the receiver sensitivity by 3 dB. The circuitry consist-
ing of a phase shifter, a continuously variable attenuator,
and the power dividers in the transmitter and the receiver

branch forms a microwave bridge circuit. If attenuation
and phase are properly adjusted, the signal reflected from
the resonator because of nonperfect matching conditions
can be cancelled. Therefore, only signal components
originating from nonlinear phenomena (and, unfortunate-
ly, transients from the exponentially increasing or de-
creasing field amplitude in the resonator after switching)
will appear at the receiver input.

The components following the microwave bridge form
the receiver system. First, a broadband rf preamplifier
with a gain of 20 dB and a noise figure of 1dB raises the
signal level. The receiver is a superheterodyne system
with an intermediate frequency of 60 MHz and a band-
width of 10 MHz. The local oscillator (a Marconi Instru-
ments 6070A cavity oscillator) drives two mixers, mixer 1
producing the intermediate frequency for the i.f. amplifier
and mixer 2 generating a 60-MHz phase reference by
mixing a sample of the rf generator output with that of
the local oscillator. Finally, mixer 3 works as a phase-
sensitive demodulator by mixing the output of the i.f.
amplifier with the phase reference. After the preamplifier
a phase shifter allows one to adjust the signal phase so
that maximum signal amplitude is obtained at the demo-
dulator. The mixer is followed by a 100-MHz transient
recorder (Biomation 8100) and a personal computer that
adds up subsequent echo cycles and thus performs signal
averaging. Between 100 and 1000 averaging cycles were
necessary to reach an acceptable signal-to-noise ratio in
our experiments. Including the signal-to-noise improve-
ment by averaging, the sensitivity of our receiving system
was better than 10710 W.

Phase-sensitive detection has two advantages for our
experiment. First, sensitivity is increased by 3 dB be-
cause all noise in the quadrature component of the signal
is suppressed. Second, the output of a phase-sensitive
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detector is bipolar. Therefore, the noise in the detector
signal will have a mean value of zero. In a conventional
rectifying (square law) detector the noise output is unipo-
lar and will, therefore, average to a finite value. Further-
more, mixing of the bipolar random noise signal with the
fixed-polarity echo signal in a rectifying detector would
lead to a nonlinear amplitude dependence of the averaged
echo signal at low amplitudes.

IV. ROTARY ECHOES

The formation of a rotary echo is schematically illus-
trated in Fig. 2. At low temperatures (kzT <#iw,) the
majority of the resonant tunneling system is in the
ground state. According to Eq. (8) their occupation num-
ber difference 8N starts to oscillate at the Rabi frequency
when an external rf field is applied and consequently their
electrical polarization will oscillate as well. If tunneling
systems with different Rabi frequencies contribute to the
signal, the resulting macroscopic polarization vanishes
rapidly because of superposition of the individual contri-
butions. In many cases it is impossible to detect the po-
larization of the sample at the beginning of the pulse se-
quence because the amplifiers are saturated for a few us
after switching on the rf signal. But since a phase inver-
sion of the driving field at ¢ =¢, is equivalent to a reversal
of time evolution of the polarization, the Rabi oscillations
will appear again around ¢=2¢,. This phenomenon is
called the rotary echo.

The duration of the echo, or more precisely, the num-
ber of visible cycles, is determined by the distribution of

d) NI /A
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FIG. 2. Formation of a dielectric rotary echo. (a) Phase of
the applied rf field, (b) time evolution of the occupation number
difference of the two levels of an ensemble of identical tunneling
states, (c) time evolution of the corresponding electrical polar-
ization, (d) superposition of the polarization of five tunneling
systems with slightly different Rabi frequencies, and (e) time
evolution of the resulting macroscopic polarization of tunneling
systems with a Lorentzian distribution of Rabi frequencies.

the effective Rabi frequencies ). Since the energy of the
contributing tunneling states E =#w, is fixed within the
bandwidth of the microwave resonator and the
electrical-field amplitude F, is set by the external field, a
distribution of the effective Rabi frequency () is mainly
due to a distribution of the tunnel splittings A, or of the
dipole moment p. Therefore, rotary echo experiments
are a suitable tool to study the distribution of these pa-
rameters. For example, in amorphous materials only one
cycle is visible in the rotary echo, which, above all, is due
to the broad distribution of their tunnel splittings A,. 3

Figure 3 shows a typical signal pattern of a rotary echo
observed in (KBr)g ¢5(KCN)g o5. The phase of the rf field
was reversed at £ =6 us and the echo is centered at t =12
us. This signal has a number of interesting features that
will be discussed in the following. First of all, the rotary
echo extends over more than 8 us and shows about 10
clearly visible cycles, indicating that the underlying dis-
tribution of both, A, and p is rather narrow. As a further
consequence of their long duration, the Rabi oscillations
are also detectable before the phase inversion in this par-
ticular system. In addition to these more or less expected
features, a slowly decaying polarization background ap-
pears in the signal before and after the phase inversion at
t,. We believe that it is not caused by experimental ar-
tifacts, since it was present in all rotary echo experiments
on (KBr);_,(KCN), and did not appear in rotary echoes
observed with the same apparatus in glasses.’® We rather
think that the polarization background as well is caused
by the dynamical properties of the tunneling states in
(KBr);_,(KCN),. A possible mechanism will be dis-
cussed at the end of this section.

Let us now discuss the main result of our rotary echo
experiments in (KBr),_, (KCN),, namely the distribution
of the effective Rabi frequencies. For a more quantitative
analysis of our echo data and to display the distribution
of effective Rabi frequencies, the rotary echo data were
Fourier transformed. In order to avoid contributions

— ————————
(KBr)o,9s(KCN)o,0s Fo =770 V/m
T =12 mK
©
-
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FIG. 3. Typical signal pattern of a rotary echo experiment in
(KBr)g.95(KCN)g 05 at 12 mK. The phase of the applied rf field
was reversed at =6 us. The rotary echo extends from t ~8-16
us.



from the slowly decaying polarization background, it was
subtracted numerically before carrying out the Fourier
transformation. @~ The rotary echo data of a
(KBr)g ¢5(KCN)q 5 crystal prepared in this way and the
corresponding Fourier spectrum are shown in Fig. 4.
The slightly asymmetric shape of the echo envelope is a
consequence of phase decay with 7,~4 us (see Sec. V).
For a direct comparison of the results obtained for
different samples, all Fourier spectra have been normal-
ized relative to the amplitude and the frequency at the
maximum.

In order to evaluate the distribution of A, and E, we
have fitted the echo signal using Eq. (17). Since the dis-
tribution of the effective Rabi frequencies is relatively
narrow in the case of (KBr) ¢5(KCN), o5 we have used in
our calculations a fixed value for the dipole moment |p|
and its angle 6 with the applied field. We should point
out that it is not possible to distinguish between a distri-
bution of A, or p in our experiment. Therefore, A, might
have even been distributed slightly narrower than ob-
tained from our fitting procedure.

Surprisingly, the quantitative analysis of our data
shows that only systems with a well-defined energy E
contribute to the rotary echo amplitude in
(KBr)g 9s(KCN)j gs. Their resonance frequency w, is
identical with the frequency o of the external rf field, and
hence w,;=0. At first glance this result seems unreason-
able, because A and thus the energy E =fiw, are known
to be broadly distributed in (KBr);_,(KCN), samples
containing a few percent of CN~.%2° Consequently, one
would expect that all systems with resonance frequencies
within the bandwidth of the cavity contribute to the
echo. The reason why this is not the case for
(KBr)g,95( KCN) o5 can be understood by discussing the
influence of spectral*diffusion in rotary echo experiments.
Spectral diffusion is due to longitudinal interaction with
thermally fluctuating tunneling states. Since this cou-
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FIG. 4. Fourier transformation of the amplitude of a rotary
echo in (KBr)g ¢s(KCN)g os. The solid line represents a numeri-
cal fit with a Lorentzian distribution of A,. The insert shows
the rotary echo data used for the Fourier transformation.
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pling is proportional to their asymmetry energy A, the
influence of spectral diffusion onto the effective Rabi fre-
quency Q=(Q%+w%)""? can be estimated from the
derivative dQ /d A,

aa _ 1

A®s gy A
dA  Q @

En Ok (22)

This expression is minimal (zero) in two cases: for sys-
tems without asymmetry, i.e., for A=0 and for those
with w; =(#Qz /E)Qy. Since the factor #Qy /E is typi-
cally of the order of 10731074, spectral diffusion is not
important for systems with w; <<Qy. States with
@, /Q g >>0, however, rapidly lose phase coherence and
thus cannot contribute to the rotary echo. This explains
why exclusively systems with resonance frequencies close
to the frequency of the applied field are observed in our
experiment. Figure 5 shows a plot of Eq. (22) as a func-
tion of w,;/Q g with parameters typical for our experi-
ment. Clearly, the influence of spectral diffusion is
strongly reduced for systems with |w,| << Qp, confirming
the observation that in (KBr), _,(KCN), only systems
with resonance frequencies corresponding to the frequen-
cy of the external rf signal contribute to the echo.®

Because of this effect it was justified to keep not only
the values of |p| and 6, but also the energy splitting E
constant in our numerical calculation of the distribution
of the effective Rabi frequencies. Thus the distribution of
the Rabi frequencies directly reflects the distribution of
the tunnel splitting A,, for which we assumed a Lorentz
distribution,

1 1

P b= o AR+ (e /2 0 23

& denotes the width of the Lorentz distribution and A,
the mean value of the tunnel splitting. According to
measurements of the dielectric constant.®® A,/kp is of

the order of 10 mK. Figures 4, 6, and 7 show the results
of rotary echo experiments on (KBr),_,(KCN), samples
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FIG. 6. Fourier transformation of the amplitude of a rotary
echo in (KBr)g ,(KCN)g 0s. The solid line represents a numeri-
cal fit with a Lorentz distribution of A,. The insert shows the
rotary echo data used for the Fourier transformation.

with x =0.05, 0.08, and 0.18 and the corresponding dis-
tribution of the effective Rabi frequencies. The solid lines
represent fits with the assumptions described above. The
width of the distribution & is 1.8, 2, and 4.5 mK for the
samples with x =0.05, 0.08, and 0.18, respectively. Tak-
ing into account that no other parameter was allowed to
be distributed in our calculation, these values represent
an upper limit for the width £. It increases with concen-
tration of CN~ as one would expect, but it is still rela-
tively small for the sample with x =0.18. This result
shows that the interpretation of previous experiments for
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FIG. 7. Fourier transformation of the amplitude of a rotary
echo in (KBr)g g,(KCN)g ;5. The solid line represents a numeri-
cal fit with a Lorentz distribution of A,. The subplot shows the
rotary echo data used for the Fourier transformation. The dot-
ted line is the Fourier transformation of a rotary echo in vitre-
ous silica (Suprasil W) (Ref. 36).

a sample with x =0.2 (Ref. 20) was not correct, where a
glasslike distribution of the tunneling parameters was
suggested from the data available at that time. In Fig. 7
the distribution of the effective Rabi frequencies of
(KBr)y go(KCN)y 15 is compared with that for the
structural glass Suprasil W. The curve for the glass sam-
ple is clearly much broader than that for
(KBr)) 5,(KCN)y 13- We, therefore, conclude that the dis-
tribution of the fundamental parameters of the tunneling
states for (KBr),_,(KCN), differs considerably from
that of amorphous materials, although in many aspects
(KBr), _,(KCN), shows a low-temperature behavior typ-
ical for a glass.

The fact that A, is hardly distributed in the
(KBr),_,(KCN), samples investigated, is remarkable in
another sense as well. It shows that the echoes are asso-
ciated with a well-defined species of tunneling states.
Nevertheless, they cannot be isolated CN~ molecules,
since the tunnel splitting Ay/kp of those is about 1 K.
Most likely the additional excitations with a small
discrete energy splitting are caused by strongly interact-
ing neighboring tunneling states. A coarse estimate of
the tunnel splitting of such coupled states can be obtained
from the spectrum of a pair of coupled two-level sys-
tems.?! The two lowest levels of the resulting four-level
system are separated by (A))?/J, where J is the coupling
energy. With our value of Ay/kz=10 mK and
Al/kg~1K, one finds J /kp~100 K. Assuming elastic
quadrupole interaction such a high value for J indicates
that the coupled states are formed by pairs of next-
neighbor CN~ molecules.*

According to Eq. (9) the frequency of the maximum of
the Fourier spectrum should vary linearly with the ampli-
tude of the applied field. As shown in Fig. 8 this depen-
dence could be nicely demonstrated for three different
(KBr),_,(KCN), samples over more than a decade in
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FIG. 8. Double logarithmic plot of the Rabi frequencies Qz
as a function of the electrical-field strength F, (local field) for
samples with three different CN™ concentrations. In agreement
with Eq. (9) the Rabi frequency depends linearly on Fj,.



field amplitude. From these curves the effective dipole
moment (Ay/E)|p| of the resonant tunneling states can
be estimated. Taking into account local-field corrections
we find 0.56 D for x =0.05, 0.4 D for x =0.08 and 0.3 D
for x =0.18. Although the statistical error is small, the
uncertainty is rather large because of the difficulties in
the determination of the electrical-field strength in the
sample, as discussed in Sec. III. The overall uncertainty
is of the order of 20%. Therefore, we cannot definitely
state that we have observed a concentration dependence
of the dipole moment. Although the resonant tunneling
states in our experiment can clearly not be isolated CN ™
molecules, it is interesting to note that the dipole moment
of CN™ tunneling states in very dilute samples has been
measured to be of the order of 0.5 D.*!

Let us now come back to the slowly decaying back-
ground signal observed in all (KBr),_,(KCN), samples,
but not in glasses. It can be attributed to tunneling sys-
tems, that differ from the states contributing to the
echoes only by the fact that they have no asymmetry A.
Therefore, their energy is exclusively determined by the
tunnel splitting Ay/kp ~10 mK =200 MHz. Their phase
relaxation time must be extremely short (7,~10 ns)
whereas their longitudinal relaxation time 7; must be of
the order of 50 us. The presence of such tunneling states
in (KBr);_,(KCN), has been concluded from measure-
ments of the low-temperature dielectric constant of sam-
ples with concentrations x =0.001 and x =0.01.%° Al-
though these systems are far off-resonance, a weak in-
teraction with the applied field takes place because of
their large linewidth 7;!. Therefore, an absorption
occurs, which saturates after about 20 us. With the
above parameters the observed behavior can be well de-
scribed by the Bloch equations. To support our interpre-
tation we performed a double-pulse experiment with two
pulses with a duration of 5 us and with variable spacing.
For the second pulse the amplitude of the slowly varying
background is reduced. With increasing delay it recovers
because those systems that have relaxed to the ground
state now can contribute to the absorption again. This
experiment has also directly confirmed the value of 7, as-
sumed in the calculations.

In addition, it should be noted that the slowly decaying
background has also been observed in echo experiments
on samples with x =0.001 and x =0.01, however it was
not possible to detect any coherent echoes. This is re-
markable since echoes could be observed in samples with
both higher and lower CN™~ concentration.!® We can
only presume that an extremely fast dephasing of the res-
onant states in the samples with x =0.001 and x =0.01 is
the reason for the unsuccessful echo experiments.

V. TWO-PULSE ECHO EXPERIMENTS

In order to investigate the transverse relaxation time 7,
we carried out two-pulse echo experiments. The tunnel-
ing states are in thermal equilibrium at the beginning of
the pulse sequence and hence the components of S are
$?=82=0 and S?=—1. According to Eq. (6)-(8) the
first pulse, adjusted in amplitude and duration to fulfill
the condition Qg ¢t =m/2, turns S into the x,y plane, lead-
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ing to a macroscopic polarization. Due to the distribu-
tion of the resonance frequencies the vectors S; of the in-
dividual tunneling systems rotate at different speed. The
macroscopic polarization vanishes after a certain time be-
cause the vectors S; become uniformly distributed in the
x,y plane. This process is analogous to the well-known
free-induction decay in magnetic-resonance experi-
ments.3?  After a short delay ¢=t,, a second pulse
fulfilling Q¢ = is applied, leading to a counter-rotation
of each individual ;. This situation is equivalent to a re-
versal of the time evolution of each S iz Consequently, at
t=2t;, all S; superimpose constructively again and a
macroscopic polarization appears, the spontaneous echo.
Figure 9 shows a typical signal pattern for a 7 /2, 7 pulse
sequence in a (KBr)g ¢5(KCN)g o5 sample at 12 mK. In
this case the delay time ¢,, was 5 us and the width of the
pulses was 250 ns for the first and 500 ns for the second
pulse. In Fig. 9 the recorded pulses appear much broader
because the large signals of the excitation pulses saturate
the receiver for about 1 us. After 10 us the spontaneous
echo appears.

As discussed in Sec. II only systems that have not un-
dergone phase disturbing processes contribute to the
echo. Therefore, the amplitude of the echo depends on
the delay time ¢,,. In the simplest case, an exponential
decay with the delay time is found and the maximum am-
plitude A4,(2¢,,) of the two-pulse echo as a function of
the delay time is given by

—2t,/7y

A,(2t,)=A%e (24)

The decay curves at different temperatures for the
(KBr)) 95( KCN)g o5 sample are shown in Fig. 10. At all
temperatures, except the lowest, we clearly find an ex-
ponential decay and, therefore, the transverse relaxation
time can directly be derived from this experiment. The
small deviations at T'=15 mK are due to experimental
problems. The temperature dependence of 7, for
(KBr)j 95(KCN)g o5 is shown in Fig. 11. At the lowest

(KBr)o.gs(KCN)o.os
T= 12mK

w/27 = 728 MHz

Received signal
T .
/“
(

o] 5 10 15
Time (us)

FIG. 9. Typical signal pattern of a two-pulse echo experi-
ment on (KBr)y ¢s(KCN)j os. The maximum amplitude of the
echo appears at t =10 us.
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(KBr)g 95(KCN) 05 as a function of pulse separation ¢, and
temperature. Data for different temperatures are offset vertical-
ly for clarity. Solid lines are fits according to Eq. (24).

temperatures the value of 7, is 4 us, which is smaller by
about a factor of 5 compared to a structural glass (SiO,).
The temperature dependence is close to T~ ! up to at
least 90 mK, although a slight deviation from a power-
law dependence is visible. Hence 7, does not follow the
T2 dependence predicted for spectral diffusion in
glasses.24 It should be stated, however, that similar ex-
periments in glasses have also resulted in temperature
dependencies for 7, ranging from T 'to T~ 23364

The data of 7, for (KBr), ¢,(KCN)j o5 are shown in Fig.
12. In this case, the relaxation time is a factor of 2 longer
than in (KBr), ¢5(KCN)g 45, but the temperature depen-
dence is the same. The data of the decay time for
(KBr)g 9,(KCN) o Were obtained at slightly different fre-
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FIG. 11. Decay time of the two-pulse echo amplitude in
(KBr)g 95s(KCN)g o5 as a function of temperature.
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FIG. 12. Decay time of the two-pulse echo amplitude in
(KBr)g ¢,( KCN)y 05 as a function of temperature. Data were
taken at two different frequencies.

quencies. Within the experimental error we find no
significant frequency dependence. In order to explain the
temperature dependence of 7, for both samples, the dom-
inating dephasing mechanism, which can be either longi-
tudinal relaxation (r; processes) or phase relaxation due
to interaction among tunneling states, must be known.
Although, according to Eq. (13) the relaxation rate due
to the one phonon process varies linearly with tempera-
ture for #iw, <kgpT, this mechanism does not dominate
the dephasing in (KBr);_,(KCN), as we will show in the
following section. Therefore, interaction between the
tunneling states must be the cause of the dephasing.
From this point of view, at first glance, the fact that the
relaxation times are longer for the higher concentrated
sample is surprising, but it is known from other experi-
ments (e.g., specific-heat measurements®) that the density
of states is lower for higher concentrated samples. There-
fore, dephasing mechanisms that are due to the interac-
tion among the tunneling states are less effective at higher
concentrations. Presently, because of the lack of an ade-
quate theory for the coherent properties of tunneling
states in crystalline hosts, the results of our two-pulse
echo experiments seem difficult to explain in more detail.

Finally, we want to point out that our two-pulse echo
data fit well with earlier echo measurements by Foote and
Golding!® on lower and higher concentrated
(KBr),_,(KCN), samples. One interesting difference,
however, should be mentioned. Foote and Golding re-
port nonexponential decays of the echo amplitude for a
sample with x =0.5, whereas our data (x =0.05 and
x =0.08) can be described using exponential decay
curves.

VI. THREE-PULSE ECHO EXPERIMENTS

Two different types of three-pulse echo experiments,
stimulated echoes and recovery echoes, were used to in-
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vestigate the longitudinal dephasing mechanism. Let us
first describe the experiments using stimulated echoes.
The generation of this echo is somewhat more difficult to
illustrate. An elaborate description of this phenomenon
is given by Hahn.** The pulse sequence consists of three
identical pulses with duration and amplitude adjusted to
obtain Q,t=/2. In contrast to the situation in two-
pulse echo experiments, the S; vectors of the resonant
tunneling states have a finite x component after the
second pulse, corresponding to their individual position
in the x,y plane at t =t,, just before the second pulse.
Therefore, this z component represents the phase
difference between the tunneling states and the driving
field at # =¢,,. If in the following the z component is not
changed due to inelastic processes, the third 7 /2 pulse
will turn the S; vectors again into the x,y plane, where
the systems now will have y components opposite to
those before the application of the second pulse. This sit-
uation is equivalent to a time reversal at ¢t =t,, and thus
a macroscopic polarization, the stimulated echo, will ap-
pear at t =t,, +1t,3. Obviously, by varying the delay time
t; between the first and the third pulse, the influence of
longitudinal relaxation processes can be studied. For a
single relaxation time 7, an exponential decay of the echo
amplitude is expected,

—(t,+13)/7

Ayt +i)=A% (25)

The decay curves of the amplitude of stimulated echoes
in a (KBr)g ¢,(KCN), g sample for different temperatures
are shown in Fig. 13. At all temperatures we find a
nonexponential decay, indicating that tunneling systems
with a broad distribution of relaxation times contribute
to this echo. Therefore, it is not possible to deduce 7, as
a function of temperature from the decay curves. In gen-
eral, the decay of the stimulated echo is much slower
than that of the spontaneous echo. This shows that in-
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FIG. 13. Amplitude decay of the three-pulse echo in

(K Br)g.9,(KCN)j o5 as a function of pulse separation ¢3 and tem-
perature. Curves are offset vertically for clarity. Solid lines
through data sets are guides to the eye.

teraction among the tunneling states and not the one
phonon relaxation dominate the transverse dephasing in
this sample. Similar observations have been made for the
samples with CN ™ concentrations x =0.05 and x =0.18.

A simple method to prove the influence of spectral
diffusion onto the dephasing is to vary the delay time ¢,,
between the first two closely spaced pulses.!®* The en-
velope of the frequency spectrum of the first two pulses is
comblike with a spacing of #,!. After the second pulse
this spectrum is preserved in the z component of S. The
comb will decay by energy relaxation processes and by
frequency fluctuations due to spectral diffusion of the ex-
cited states over a considerable fraction of ¢;,'. There-
fore, the importance of spectral diffusion will depend on
the spacing of the first two pulses. The result of such a
measurement with different ¢,, for (KBr)) 9,(KCN)g (5 is
shown Fig. 14. The rather strong dependence of the echo
decay on t;, shows that spectral diffusion dominates the
decay of the stimulated echo in this sample.

To avoid falsification of measurements of 7, of tunnel-
ing states by spectral diffusion, an alternative pulse se-
quence has been introduced by Golding et al.** In this
case initially a 7 pulse is applied to invert the population
of the two levels. In the following this population will re-
lax back to its thermal equilibrium by energy relaxation
processes. ‘After a delay time ¢, the recovery of the pop-
ulation is monitored using an ordinary two-pulse echo.
For short delay times, because of the inversion, the ob-
served echo will be “negative” and then will approach its
normal amplitude with increasing ?,,. In the simplest
case, for a single relaxation time, the recovery of the
spontaneous echo can be described by

_(’12+’13)/71)

A(t,+13)=A3(1—2qge (26)

The factor g denotes the degree of inversion, since com-
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FIG. 14. Decay of the amplitude of stimulated echoes in
(KBr)g 9,(KCN)g g as a function of pulse separation ¢,; and of
pulse separation ?;,. Curves are offset vertically for clarity.
Solid lines through data sets are guides to the eye.
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plete inversion is impossible for an inhomogeneously
broadened system. The recovery of the echo amplitude
of a spontaneous echo after inversion in a
(KBr)g.9,( KCN)g o sample at T =15 mK is shown in Fig.
15. The dashed-dotted line is a fit according to Eq. (26)
with ¢ =0.51 and 7,=250 us. The disagreement between
fit and data at long delay times indicates that the relaxa-
tion times of the systems contributing to the signal are
distributed. The same observation was made by Foote
and Golding'® for samples with both higher and lower de-
fect concentration. The presence of this distribution is
surprising considering the fact that we investigate states
with rather well-defined tunneling parameters A, p, and
E given by our experimental frequency. Corresponding
recovery curves in (KBr)g ¢,(KCN), o3 for temperatures
between 10 and 50 mK were found to be nearly identical.
This shows that the recovery time in (KBr)y ¢,(KCN)g oq
is almost independent of temperature below 7T'=50 mK.
Within the uncertainty of the fitting procedure we find

for the initial recovery time a constant value
71==(270+40) ps. Qualitatively, the situation for
(KBr)g ¢9s(KCN)y o5 is very similar, but the initial

recovery time below 50 mK in this case is 7;~(80%10)
us. In contrast to that, the temperature dependence of
the initial recovery time of the (KBr), 4,(KCN), 5 sam-
ple is rather unusual (Fig. 16). With increasing tempera-
ture the initial recovery slows down considerably. It is
interesting to note that Foote and Golding!® observed a
similar recovery behavior for a much lower concentrated
sample (x =0.00034). Obviously, such a temperature
dependence cannot be explained by the relaxation via
thermal phonons. The phenomenon might be due to col-
lective relaxation within small clusters of coupled CN ™
molecules. Janssen has shown that collective relaxation
processes have a relaxation rate that decreases with in-
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FIG. 15. Recovery of the echo amplitude of a spontaneous
echo after inversion in (KBr), ¢,(KCN)g o5 at T=15 mK nor-
malized to the amplitude of a spontaneous echo without inver-
sion. The dashed-dotted line represents an exponential recovery
with a single relaxation time 7,=250 us. The solid line is a
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FIG. 16. Initial recovery time 7, of a spontaneous echo after
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creasing temperature.’! On the other hand, a phonon
bottleneck effect with an initial avalanche decay as sug-
gested by Foote and Golding!® for x =0.000 34 cannot be
ruled out, although in our opinion the relatively high
CN™ concentration of the (KBr),,(KCN), 3 sample
favors collective relaxation processes as a cause for this
observation.

VII. SUMMARY

(KBr),_,(KCN), crystals with CN~ concentrations
between x ~0.05 and x ~0.55 freeze into an orientation-
ally disordered phase at low temperatures. The low-
temperature behavior of (KBr), . (KCN), crystals in the
orientational glass state is dominated by atomic tunneling
systems and many of their properties are very similar to
those in structural glasses. Since the origin of the low-
energy excitations in the case of (KBr);_,(KCN), is
known, this system has been discussed as a model system
for the low-temperature anomalies of amorphous materi-
als.

We have investigated the coherent dynamics of the
atomic tunneling states in (KBr);_,(KCN), samples
with different CN~ concentration, ranging from
x =0.0001 to x =0.18. Using rotary echo experiments
the distribution of the effective Rabi frequencies has been
measured. For all (KBr),_,(KCN), samples investigat-
ed this distribution was found to be very narrow com-
pared with that obtained for glasses in similar experi-
ments. This shows that the distribution of the fundamen-
tal parameters of the tunneling states in
(KBr);_,(KCN), is quite different from that in glasses,
at least up to a CN ™ concentration of 18%.

The very narrow distribution of the tunnel splitting in
(KBr),_,(KCN), indicates that well-defined species of
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tunneling systems dominate the coherent properties at
frequencies of about 750 MHz. Since their corresponding
energy splitting E /kjy is of the order of 35 mK, they are
not associated with isolated CN~ molecules. The pres-
ence of these low-energy tunneling states can be ex-
plained by pairs of strongly coupled CN™ molecules.
From the estimated value of the interaction energy we
suppose that these pairs are formed by next-neighbor
CN™ molecules. With rotary echoes we have measured
the effective dipole moment (A,/E)|p| of the resonant
states. We found values in the range from 0.3-0.6 D for
all samples.

In addition, we have studied the decay of spontaneous
and stimulated echoes in two- and three-pulse echo ex-
periments. In both cases, the decay of the echo ampli-
tude was clearly dominated by spectral diffusion, a pro-
cess originating from interaction among the tunneling
states. Although this mechanism determines the dephas-
ing in glasses as well, significant differences in the time
and temperature dependence were observed. The energy
relaxation time 7; has been measured using the recovery

of the spontaneous echoes after inversion. For all sam-
ples we found a distribution of 7, the origin of which is
not yet understood. The temperature dependence of 7,
for the sample with x =0.18 was found to be rather
unusual, since it increased with temperature. Such a
behavior can qualitatively be described by collective re-
laxation processes of interacting CN ™~ molecules.

In conclusion, we would like to state that our investi-
gation shows that the coherent dynamics of the tunneling
states in (KBr),_,(KCN), are quite different from those
in structural glasses. Although the origin of the tunnel-
ing states in (KBr);_,(KCN), is known, a detailed and
complete understanding of the dynamical properties of
the low-energy excitations in this system is still lacking.
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