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The properties of amorphous solids below 1 K are dominated by atomic tunneling systems. A basic
description is given by the standard tunneling model. Despite its success, the standard tunneling model
still remains phenomenological and little is known about the microscopic nature of tunneling systems in
amorphous solids. We present dielectric polarization echo experiments on partially deuterated amorphous
glycerol. Nuclear quadrupoles, introduced by the deuteration, influence the echo amplitude in a character-
istic way and allow us to draw for the first time detailed conclusions about the microscopic nature of the

tunneling processes in amorphous glycerol.
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Localized atomic tunneling systems and their interaction
with other excitations such as phonons govern the low-
temperature properties of amorphous solids. Their detailed
understanding is of fundamental importance not only to
describe glasses at low temperatures but also because of
many implications for other experiments. For example, the
enhanced dielectric loss of amorphous insulators and
the generation of 1/f noise [1,2] in such systems degrade
the performance in applications like kinetic inductance
detectors [3] and flux-biased superconducting phase qubits
[4,5]. On the other hand, atomic tunneling systems with long
coherence times have been used themselves as computa-
tional qubits [6]. Very recently, the relaxation and dephasing
of atomic tunneling systems have been studied in a
Josephson junction [7] and the strain tuning of individual
atomic tunneling systems has been detected via a super-
conducting qubit [8]. Despite this progress, the microscopic
nature of atomic tunneling systems in amorphous solids
is still unknown and remains a fundamental and unso-
Ived question. So far, sophisticated computer simulations
have been the only approach to obtain information on
the structural configuration of tunneling systems in amor-
phous materials (for a review, see [9]). In the absence of a
microscopic theory, the low-temperature properties of insu-
lating glasses are generally described within the framework
of the standard tunneling model [10,11] (for reviews, see
[12,13]). In this phenomenological approach, a tunneling
system is depicted by a particle with mass m residing in a
double well potential with an asymmetry energy A between
the two wells and a tunneling matrix element Ay =
hw exp(—d+2mV /h), where V denotes the barrier height
and d the distance between the two wells. The resulting
energy splitting between the two lowest delocalized eigen-

states is given by E = 4/A% + AZ. In order to account for the

broad variety of tunneling systems found in glasses, the
density of states is assumed to be a slowly varying function
of these parameters and can be written as
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with ¢ = A/E. The lack of a microscopic description
despite numerous experimental efforts is in part due to the
fact that the low-temperature properties of glasses are almost
universal and depend only very little on details of their
composition. Recent dielectric polarization echo experi-
ments have shown that the echo amplitude for certain glasses
depends on magnetic fields and that the behavior is nonun-
iversal; i.e., different materials show different magnetic field
dependencies [14—17]. Soon it was realized that this mag-
netic field dependence is caused by tunneling particles carry-
ing a nuclear quadrupole moment [18]. Meanwhile elaborate
theoretical models exist to describe the effect [19,20]. In the
present work we show that the nonuniversal behavior found
in the magnetic-field-dependent echo experiments can be
used to obtain microscopic information on the tunneling
motion in amorphous materials, because the nuclear quad-
rupole moments of tunneling particles can be considered as
local probes.

Here we present first results on partially deuterated
glycerol and show that this approach indeed leads to direct
microscopic information. The dielectric echo experiments
were performed on two differently deuterated glycerol
samples, namely glycerol-d5 (C;D5(OH);) and glycerol-
d3 (C3H5(0OD);3), in a dilution refrigerator at working
temperatures of about 5 mK, using a reentrant microwave
resonator. The sample in form of a drop was placed in the
uniform electric field region between the center post and
the bottom of the A/4-resonator. The disclike space filled
with sample had an approximate diameter of 8 mm and a
thickness of 0.3 mm. The resonator has a ground mode
frequency of about 1 GHz (i.e., probing tunneling systems
with an energy splitting of about 50 mK). Homogeneous
magnetic fields up to about 200 mT could be applied at
the sample utilizing a homemade superconducting sole-
noid enclosing the resonator. We generated spontaneous

dEdq (1)
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FIG. 1 (color online). Amplitude of two pulse polarization
echoes generated in glycerol-d5 at 4 mK as a function of the
delay time #;,. The black points represent the amplitude of
echoes taken in a magnetic field of 150 mT and the red points,
zero field measurements.

polarization echoes by applying two short rf pulses with a
length of the order of several hundred nanoseconds result-
ing in nutation angles close to 77/2 and 7, respectively.
Figures 1 and 2 show the amplitude of polarization
echoes generated in glycerol-d5 and glycerol-d3 in zero
magnetic field and in 150 mT as a function of the delay
time t;, between the two excitation pulses. Clearly, the
decay curves are very different with and without magnetic
field for both samples. Whereas monotonic decays are
observed for the measurements in 150 mT, pronounced
oscillations are overlayed in case of the zero magnetic field
measurements. A second observation is that the amplitude
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FIG. 2 (color online). Amplitude of two pulse polarization
echoes generated in glycerol-d3 at 4 mK as a function of the
delay time #;,. The black points represent the amplitude of
echoes taken in a magnetic field of 150 mT and the red points,
zero field measurements.

different in the two wells, transitions between the nuclear
substates will be enforced. On the other hand, for perfectly
symmetric tunneling systems A = 0, no transitions between
the nuclear sublevels are induced by the tunneling motion.

In the following we will discuss this effect for glycerol-d5
in more detail, since for C-D bonds in general, the quadru-
pole Hamiltonian simplifies considerably. The field gradient
is mainly defined by the C-D bond and shows almost perfect
cylindrical symmetry about the bonding axis [22]. In glyc-
erol, the quadrupole splitting is an intra-molecular property
and is insensitive to changes in the surroundings of the
molecule. However, the nuclei will experience different
electric field gradients in the two wells when the tunneling
motion includes a rotational component, since the relative
orientation of the electric field gradient (determined by the
intramolecular axis) will change with respect to the nuclear
spin. Note that the spin lattice relaxation time for amorphous
dielectrics at millikelvin temperatures is orders of magni-
tude longer than the time scale of the tunneling process [23].
As discussed above, a difference in electric field gradients of
the two wells may lead to a finite transition probability
between the nuclear substates. Since the transition proba-
bilities depend on the magnitude of the asymmetry energy
and the tunneling angle, they can be used to determine
microscopic parameters of the tunneling systems contribut-
ing to the echo experiments. The transition probabilities can
be retrieved from both the quantum beating of the echo
amplitude in zero magnetic field and from magnetic-field-
dependent measurements of the echo amplitude at different
fixed delay times.

Let us first consider the case of zero magnetic field and
glycerol-d5. As mentioned above, the level structure for
deuterons in C-D bonds is particularly simple because of
its uniaxial symmetry, and the quadrupole Hamiltonian can
be represented by [24]
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FIG. 3 (color online). Schematic of a deuterated glycerol
molecule residing in an asymmetric double well potential. The
two minima are reached by a rotational motion about an angle of
26. For one deuteron the direction of the electric field gradient
and the nuclear quadrupole moment are indicated by red and
black arrows, respectively.

with the spin of a deuterium nucleus / = 1. Here, I, is the z
component of the nuclear spin, and # defines the angle
between I, and the direction of the symmetry axis of the
electric field gradient. We choose the quantization axis
of I, such that the tilting angle 6 takes the values ¢ and
—6 in the left and the right well, respectively, as depicted
in Fig. 3. In zero magnetic field, the levels I, = *1 are
degenerate and thus the nuclear spin multiplet reduces to a
doublet, whose levels are separated by the nuclear quad-
rupole energy Ej.

In the polarization echo experiments discussed here, the
first short pulse drives the ensemble coherently into a
mixed state, leading to an oscillating macroscopic dipole
moment. Since the energy splitting E is broadly distributed
in glassy systems, this oscillating dipole moment vanishes
rapidly. The mixed state is a superposition of all eigen-
states. As it evolves freely in time, each eigenstate accu-
mulates a phase according to is energy eigenvalue. A
second pulse at t = t, mixes the states again and induces
a time reversal of the phase development, leading to a
constructive interference at ¢ = 2¢;, of eigenstates inde-
pendent of their energies, whose relative phase accumula-
tion is zero or a multiple of 277. The occurrence of this
macroscopic polarization is called polarization echo. The
amplitude of such an echo for a multilevel system has been
calculated independently by Wiirger [19] and Parshin [20].
For glycerol-d5 with five C-D bonds, one finds for the
amplitude

Ags = Ao(tlz)[l - 136(2 sin(20)>2sin4(%)]s, 3)

where Ay(#,) is the echo amplitude for a two-level system
including the decay, described by spectral diffusion. This
equation can be used to evaluate the zero field data of
glycerol-d5. From the period of the oscillations we derive
a quadrupole frequency E,/h of about 127 kHz. This
agrees well with the value obtained by Schnauss et al. using
2H-NMR [25]. Integrating over the tunneling model distri-
bution (1), a tunneling angle 26 of about 17° corresponds to
a quantum beating of 35%. If, however, the tunneling
motion involves more than one molecule, the number of
quadrupoles contributing will increase and the tunneling
angle will be smaller. With the present set of data this
cannot be excluded, and therefore the tunneling angle of
17° has to be seen as an upper bound. Interestingly, pre-
ferred libration angles of this order of magnitude have been
observed in NMR experiments near the glass transition
temperature [25].

As shown in Fig. 1, the quantum beating vanishes at long
delay times. In part this is due to a distribution of quadru-
pole frequencies. However, this distribution for C-D bonds
in glycerol is rather narrow and can only account for a
small portion of this effect [25]. The main reason for the
fading of the beating amplitude is that tunneling systems
with large asymmetries A are more strongly affected by
phase disturbing processes [21] and therefore have shorter
decay times. At long times symmetric tunneling systems
stay coherent and govern the echo amplitude entirely, but
do not contribute to the beating effect according to Eq. (3).

Let us now turn to the results for glycerol-d3. Here the
electric filed gradient does not have perfect cylindrical
symmetry, and thus the degeneracy of the I, =1 and
I, = —1 states is lifted. This additional splitting influences
the interference of the eigenstates and one expects a
somewhat larger modulation amplitude for glycerol-d3.
The fact that the deuterons in glycerol-d3 are involved
the network forming hydrogen bonds makes modeling
of the influence of the quadrupols of glycerol-d3 on the
echo amplitude much more involving than in case of
glycerol-d5. Therefore, a detailed calculation of the
expected modulation of the echo amplitude will not be
discussed here. As shown in Fig. 2 the beating amplitude
is about 60%. Furthermore, the beat frequency is roughly
150 kHz, which is significantly larger than in case of
glycerol-d5. Again this value is in very good agreement
with quadrupole frequency of 150 kHz obtained in previous
NMR measurements [25]. The clear differences in the zero
field data of glycerol-d5 and glycerol-d3 prove that micro-
scopic information can be obtained utilizing the quadru-
pole effect.

Using the parameters for glycerol-d5, we can also
describe the magnetic-field dependence of the echo ampli-
tude. Corresponding data taken at 1, =4 us and 7=12mK
are shown in Fig. 4. In finite magnetic fields, the Zeeman
effect leads to a shift of the energy levels of the nuclear
substates and lifts the degeneracy I, = = 1. This changes
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FIG. 4 (color online). Amplitude of polarization echoes gen-
erated in glycerol-d5 at 12 mK and a delay time of 4 us as a
function of the applied magnetic field. The solid line represents a
numerical calculation based on a microscopic model of the
tunneling motion.

the beat frequency and results in additional interference
terms. However, in high fields the Zeeman interaction does
not yield a mixing of multiplet states since this would
correspond to a spin flip. The delay time at which the
experimental data are taken (Fig. 4) corresponds roughly
to the first minimum in the echo amplitude at zero mag-
netic field where destructive interference is maximum. The
field induced change of the quantum beating frequency
will drive the system out of this minimum position even
if the lifting of the degeneracy introduces more interfer-
ence terms. The echo amplitude is increasing monotoni-
cally and saturates above about 70 mT. At these fields the
Zeeman energy has exceeded the quadrupole energy twice
and suppresses the mixing of the nuclear substates com-
pletely, and the simple two-level system behavior is recov-
ered. The small features (for example at about 40 mT) are
due to level crossings within the multiplet. To model the
field dependence, we have solved the problem numerically.
First, we obtained the eigenvectors and eigenvalues of the
full Hamiltonian, describing the tunneling an the nuclear
spin states. Then, we calculated the matrix elements for
transitions between the tunneling multiplets. To do so, the
Hamiltonian describing the action of the rf pulses was
applied to the eigenvectors. Using Eq. (15) in [20] the
echo amplitude has been computed. Also the distribution
of the parameters A and A according to the tunneling
model were taken into account. In this calculation we
further assumed that one molecule is tunneling about a
certain angle 26. As mentioned before, the orientation of
the molecules with respect to the external field is com-
pletely arbitrary for each tunneling system. We accounted
for this by distributing the orientation of the axis rotation of
the tunneling motion evenly over the full solid angle 4.
Under these assumptions the best fit to the magnetic field

dependence of the echo amplitude is obtained by using
again a tunneling angle 26 of about 17°. This means that
the delay time dependence at zero magnetic field and the
magnetic field dependence can be described reasonably
well with the same set of parameters.

In conclusion, we have performed two pulse polarization
echo experiments on partially deuterated glycerol as a
function of the delay time and as a function of the applied
magnetic field. Our results show that the echo amplitude
depends on the deuteration of the glycerol and allow us to
obtain for the first time experimental information on the
microscopic nature of the atomic tunneling systems in
amorphous materials. We believe that this is a new method
to study systematically the microscopic nature of tunneling
systems in glasses, which has been an unsolved problem
for many decades.
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