VOLUME 84, NUMBER 9

PHYSICAL REVIEW LETTERS

28 FEBRUARY 2000

Magnetic Field Dependent Tunneling in Glasses

P. Strehlow and M. Wohlfahrt
Physikalisch-Technische Bundesanstalt, Abbestral3e 2-12, D-10587 Berlin, Germany

A.G.M. Jansen
Grenoble High Magnetic Field Laboratory, MPI-CNRS, B.P. 166, F-38042 Grenoble Cedex 9, France

R. Haueisen and G. Weiss
Physikalisches Institut, Universitéat Karlsruhe, D-76128 Karlsruhe, Germany

C. Enss and S. Hunklinger

Ingtitut fir Angewandte Physik, Universitat Heidelberg, Albert-Ueberle-Stral3e 3-5, D-69120 Heidelberg, Germany
(Received 16 August 1999)

We report on experiments giving evidence for quantum effects of electromagnetic flux in barium
alumosilicate glass. In contrast to expectation, below 100 mK the dielectric response becomes sensitive
to magnetic fields. The experimental findings include both lifting of the dielectric saturation by weak
magnetic fields and oscillations of the dielectric response in the low temperature resonant regime. Asthe
origin of these effects we suggest that the magnetic induction field violates the time reversal invariance
leading to a flux periodicity in the energy levels of tunneling systems. At low temperatures, this effect
is strongly enhanced by the interaction between tunneling systems and thus becomes measurable.

PACS numbers. 61.43.Fs, 64.90.+b, 77.22.Ch

The low temperature properties of glasses have been
attributed to low energy excitations present in nearly al
amorphous solids and disordered crystals [1]. Consider-
able theoretical and experimental investigations have been
expended to understand these excitations. In the standard
tunneling model (TM) [2] they are described on a phe-
nomenological basis by noninteracting two-level tunnel-
ing systems (TLS). These TLSs are thought to consist of
small atomic entities which are able to tunnel between
a least two equilibrium positions. Thus, a TLS can be
approximately treated like a particle moving in an asym-
metric double-well potential. The excitation energy be-
tween the two lowest states of the asymmetric double well,
E = \JA* + A}, is determined by the asymmetry A and
the tunnel splitting Ay. Because of the random structure of
glasses A and A are broadly distributed. According to the
TM adistribution P(A, Ag) = P/A, isassumed, where P
is a constant.

Treating the coupling of TLSs to external acoustic and
electric fields as aweak perturbation, the TM successfully
explains many of the anomalous thermal, acoustic, and
dielectric low temperature properties of glasses. Various
recent experiments, however, demonstrate considerable de-
viations from this theory. In particular, we refer here to the
permittivity (dielectric constant) &’ which levels off at very
low temperatures [3] whereas the TM predicts a In(1/7T)
behavior. Interaction between TLSs has been suggested
as a possible origin for these discrepancies [4], although
a comprehensive theory is still missing. Phenomenol ogi-
caly, alow energy cutoff Agmin may beintroduced for the
spectral density of tunneling states to account for the level-
ing off. Vaues of Agmin/kg = 1 MK indeed describe the
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&'(T) data quite well. However, applying the TM to the
dielectric and acoustic behaviors of glasses at higher tem-
peratures requires values of Agmin/kg < 1073 mK. The
remarkably enhanced magnitude of Ag i, at very low tem-
peratures indicates that interaction between TLS leads to
a renormalization of essential parameters of the TM such
as P and Ag. In this case quasiparticles are considered
rather than bare noninteracting TSs. Such renormalization
effects might partially account for the general success of
the standard tunneling model although this has not been
explicitly stated yet.

Moreover, it is conceivable that due to interaction be-
tween TLSs the action of electromagnetic fields on the
guantum-mechanical state of charged TL Ss becomes mea-
surable. Thisis motivated mainly by the recently reported
observation of the dielectric response of multicomponent
glasses being extremely sensitive to weak magnetic fields
[5]. A theoretical interpretation such as magnetic flux ef-
fect (Aharonov-Bohm effect) can be given in ageneralized
tunneling model [6].

In the present paper we report on measurements of the
dielectric response of aBaO-Al,0;-SiO; glassin magnetic
fields ranging from a few mT up to 25 T. Indeed, we
were able to demonstrate the existence of quantum effects
of electromagnetic flux in glasses. magnetic fields cause
drastic changes of the dielectric response and lead to os-
cillatory variations.

Barium alumosilicate glass is characterized by a large
intrinsic polarizability. Therefore, thick-film sensors based
on this glass have already been used in glass capacitance
thermometers [7] and also in previous experiments at very
low temperatures [5]. In order to substantiate the existence
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of the surprising phenomena we are going to report, and
to exclude experimental artifacts, the measurements were
carried out in Berlin, Karlsruhe, and Grenoble under dif-
ferent experimental conditions. In the Grenoble experi-
ment at fields up to 25 T the sensor was inserted into the
mixing chamber, whereas in Berlin and Karlsruhe it was
attached to a silver cold finger connected to the mixing
chamber of a dilution refrigerator. Zero magnetic field
measurements to lower temperatures were done in a nu-
clear demagnetization fridge in Berlin. The measurements
were performed at 1 kHz either with a homemade bridge,
consisting of a nine-decade inductive voltage divider and
a lock-in amplifier, or with a self-balancing capacitance
bridge (Andeen-Hagerling, model 2500A). Based on an ex-
tended temperature scale [8] the temperature was measured
by means of a >He melting curve thermometer, an Au:Er
susceptibility thermometer, and a pulsed platinum NMR
thermometer. In the three experiments with substantially
different setups fully consistent results were obtained.
The temperature dependence of the permittivity
Ae'(T) /&' =[(T) — &'(Ty)]/&'(Ty) and of the dielectric
loss Atand(T) = tand(T) — tand(T,) without magnetic
field is shown in Fig. 1 by the full dots (open symbols
refer to measurements at finite fields and will be discussed
later). In qualitative agreement with the predictions of
the TM, &’ decreases logarithmically with decreasing
temperature, passesaminimum at 7, = 113 mK, and in-
creases logarithmically. The low temperature logarithmic
variation is caused by the resonant response of coherently
driven TLSs in the low frequency limit. At higher tem-
peratures relaxation sets in leading to the minimum and
the subsequent increase. As mentioned before, the weak
temperature variation of £/(T) at the lowest temperatures,
sometimes called “dielectric saturation,” is not predicted
by the TM. Moreover, the theoretically expected ratio
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FIG. 1. Temperature variation of the permittivity Ag'/e’
and the dielectric loss Atané of a 50 um thick sample of
BaO-Al,0;-SIO, glass measured at a frequency of 1 kHz
and an excitation voltage U = 0.75 V (full circles). In both
cases the values at Ty = 1.26 mK were taken as a reference.
The open circles represent the maximum value of &’ and the
minimum value of tané in the magnetic field as discussed in
the text. The dashed line shows the T3 dependence of the
dielectric loss as predicted by the TM.

of —2:1 of the two log(T") slopes is not observed, either.
Instead, as in previous experiments [3,9], the ratio is
found to be closer to —1:1.
Within the TM the resonant part of the permittivity is
| given by
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and formally, the saturation effect of our sample can be
accounted for by a cutoff energy Aomin/kp = 12.2 mK
which is a remarkably high value. The quantity Pp?/eq
is determined to be 1.03 X 1072, where p is the average
magnitude of the dipole moment of the TLSs.

At low frequencies the dielectric loss is caused by re-
laxation and tand « T3 is expected since one-phonon pro-
cesses should be dominant. However, as shown in Fig. 1
the measured temperature variation is considerably weaker.
It is worth noting that analogous deviations from the pre-
diction of the TM have been observed in low frequency
acoustic experiments.

A further intriguing effect, which cannot be explained
by the TM either, is the nonlinear dielectric response to
amplitude of the excitation voltage as shown in Fig. 2.
With increasing voltage the minimum of &’ is shifted to-
wards higher temperatures and leads at the same time to
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different plateau heights at lowest temperatures. The de-
pendence of the dielectric response on the amplitude of the
applied ac field has been treated theoretically by Stock-
burger et al. [10]. In contrast to our observation, how-
ever, their model predicts a change of the In(1/7) dope
and a voltage independent plateau. We suppose that the
dependence on the amplitude of the applied ac field is a
direct consequence of electric flux acting on the quantum-
mechanical state of TLSs and is therefore linked to the
surprising magnetic field effects which will be discussed
in the remainder of this paper.

As shown in Fig. 3 the permittivity in the resonant
regime varies nonmonotonically with the magnetic field:
Ae'(B)/e' = [¢/(B) — &'(B = 0)]/¢/(B = 0) increases
with field strength, passes through a first maximum at
about 30 mT, and exhibits a second one around 250 mT.
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FIG. 2. Temperature variation of the permittivity Ae’/e’ and
of the loss A tans of BaO-Al,0;-SiO, glass measured at a fre-
quency of 1 kHz and excitation voltages U = 0.75, 1.5, and
3V. The data point a 7, = 1.26 mK and U = 0.75 V was
taken as a reference.

As indicated in the inset of this figure another even more
pronounced maximum occurs a a field of about 18 T.
In the lower part of the figure the variation of dielectric
loss Atand = tand(B) — tand(B = 0) is drawn which
exhibits an oscillatory behavior, too: With increasing
field strength the small rise at low fields is followed by a
strong decrease. After going through a minimum the loss
increases again.

An interpretation of the surprising magnetic field de-
pendence of the dielectric response of glasses at low tem-
perature can be given in ageneralized tunneling model [6].
There, the motion of a particle with charge Q on aclosed
path with a double-well potential is considered. The pres-
ence of an induction field B violates the time reversal in-
variance due to the Aharonov-Bohm phase and leads to
an energy spectrum of the TLSs which varies periodically
with magnetic flux. The energy splitting of the ground
state is then given by E(¢) = /A2 + t(¢)2, where the
tunneling splitting ¢(¢) = Ag cos(7 ¢/ po) depends peri-
odically on the magnetic flux ¢ through the area enclosed
by the path of the tunneling particle. The period of the
oscillation is determined by ¢o = h/Q. The magnetic
field causes the TLSs to carry a persistent tunneling cur-
rent resulting in a magnetic moment. The low temperature
thermodynamic properties such as the specific heat or the
permittivity calculated in the generalized model of inde-
pendent TLSs are consequently periodic functions of the
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FIG. 3. Magnetic field dependence of the permittivity As’/e’
and the loss angle Atané of the BaO-Al,0;-SIO, glassat T =
64 mK. The inset shows the behavior at high magnetic fields.

magnetic flux. The resonant part ¢/, of the permittiv-
ity can be calculated using Eq. (1) as before, after sub-
stituting the tunneling parameter Ay and its lower limit
Aomin by the flux dependent quantities Ay cos(7 ¢ /o)
and Ag min COS(7m ¢ / o), respectively. Agmin vanishes for
¢ = ¢o/2 and &, should exhibit a maximum. In this
casetheintegral in Eg. (1) can be approximated by In(1/T)
meaning that ¢/ (T) is expected to vary logarithmically
with temperature in accordance with the TM.

The experimental confirmation of this prediction follows
from Fig. 4 where the variation of the permittivity with the
magnetic field is shown for different temperatures. The
maximum values of Ag’(B) were taken from this graph
and plotted in Fig. 1 as open circles. These data points
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FIG. 4. Magnetic field variation Ag’/&’ of the permittivity be-
tween 15 and 77 mK at small magnetic fields.
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fall approximately onto the curve predicted by the TM
for independent TLSs with the small value of Ag i <<
1 mK. With such a Agmin the saturation of &/, ((T) is
expected to occur at much lower temperatures. Similarly,
the minimum values of A tané have been taken and drawn
in the lower part of Fig. 1. These data points coincide
approximately with the 73 dependence predicted by the
TM. It is remarkable that these effects occur already at
fields of the order of 100 mT.

As mentioned above, the specific heat is expected to
exhibit an oscillatory behavior like the permittivity [6].
Although we did not measure this quantity we have ob-
served that the time needed to reach thermal equilibrium
after changing the external magnetic field depends on the
applied field. It seems that the variation of &’ is accompa-
nied by a corresponding change of the specific heat.

From Fig. 3 we estimate that the oscillation period of
¢/(B) is roughly 200 mT. Consequently a charge of Q =
4 X 10%|e| is required, where e is the elementary charge.
According to [6] thislarge value originates from the strong
coupling between the TLSs. This is consistent with the
large renormalized value of Agmin/ks = 12.2 mK which
aso indicates that the coupling between the TLSs is rather
strong. Assuming an average distance between the TLSs
of 10~ mand an averaged dipole moment of p = 2|e| X
10719 m the mean dipole-dipole interaction energy Uy, is
estimated to be of the order of Uj,/kg = 100 mK. This
means that flux effects should indeed become observable
below T = Ui, /kg = 100 mK. It has been shown [6]
that under certain conditions the excitation spectrum of
N strongly coupled TLSs with charge ¢ is equivalent to
that of a single particle with charge Q0 = Ng tunneling
aong a closed path. Therefore, it is tempting to introduce
quasi particles whose tunneling paths are pierced by a flux
with the periodicity ¢g = h/(Ng).

The theoretical considerations by Kettemann et al. [6]
show that another mechanism exists which contributes to
changes in the energy spectrum of coupled TLSs, too. The
dipole moment of asymmetrical TLSs increases with de-
creasing tunneling splitting 7(¢), and thus varies with the
external induction field B. This implies that the dipolar
coupling between TLSs also depends on B. Thus, the en-
ergy of the ground and the first excited state of a cluster
of two or three coupled TLSs may cross aready at weak
magnetic fields. As aresult the value of A, and therefore
also of Agmin is atered by the magnetic field and conse-
quently also the dielectric response of the TL Ss.

In a quantitative analysis the average over al orien-
tations and over the charges carried by the clusters of
coupled TLSs must be calculated. Thus the oscillations
become smeared out especialy at higher magnetic fields.
In addition, the decrease of the dielectric loss and its oscil-
latory behavior indicate that the magnetic field has al'so an
influence on the dynamics of coupled TLSs, in particular,
on their relaxation times. In a comprehensive treatment of

the phenomenathe interplay of the two effects, level cross-
ing and strong coupling between TL Ss, hasto be taken into
account. In this way it should be possible to understand
also the maximum in &’ observed at 18 T.

Finally, in Fig. 4 it is demonstrated that the magnetic
effects become increasingly pronounced with decreasing
temperature and we may ask: What happens at ultralow
temperatures? It iswell conceivable that atransition takes
place from mesoscopic to macroscopicaly large clusters
of strongly coupled TLSs. In our view the phase transition
reported recently to occur at 5.84 mK in BaO-Al,03-Si0,
glass [5] is therefore intimately connected with the obser-
vations discussed here. Moreover, as our discussion is
based on rather general arguments, we believe that simi-
lar magnetic field effects are observable in other glasses
as well. The temperature range of their occurrence and
the size of the effects should however depend on the in-
teraction strength between the tunneling systems of these
materials.
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