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Evidence for a Phase Transition in Glasses at Very Low Temperature:
A Macroscopic Quantum State of Tunneling Systems?

P. Strehlow
Physikalisch-Technische Bundesanstalt, Abbestrasse 2-12, D-10587 Berlin, Germany

C. Enss and S. Hunklinger
Institut für Angewandte Physik, Universität Heidelberg, Albert-Ueberle-Strasse 3-5, D-69120 Heidelberg, Ger

(Received 31 December 1997)

Dielectric measurements at very low temperature indicate that in the multicomponent glass
BaO-Al 2O3-SiO2 a phase transition occurs at 5.84 mK. Below that temperature small magnetic fields of
the order of10 mT cause surprising changes of the dielectric constant although the glass is insensitive
to fields up to 20 T above 50 mK. The experimental findings may be interpreted as the signature of
the formation of a new phase in which many tunneling systems perform a coherent motion resulting in
a macroscopic wave function. [S0031-9007(98)06333-9]

PACS numbers: 61.43.Fs, 64.90.+b, 77.22.Ch
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The anomalous low-temperature properties of glass
are caused by low energy excitations present in
amorphous solids [1]. In the tunneling model (TM) [2,3
these excitations are described on a phenomenolog
basis by tunneling systems (TSs). In the simplest ca
such a tunneling system can be represented by a part
in a double-well potential. At low temperature only
the ground states in the two wells are relevant, a
the system will effectively be restricted to the two
dimensional Hilbert space spanned by the two grou
states. In the pseudospin representation with the Pa
matricess x and s z, the Hamiltonian of an isolated TS
is given by H0 ­ s1y2d sDs z 2 D0sxd, where D and
D0 are the asymmetry energy and the tunneling mat
element, respectively. Because of the random struct
of glasses the characteristic parametersD and D0 of the
TSs exhibit a broad distribution. Clearly, the Hamiltonia
of an isolated TS is formally equivalent to that of
spin-1y2 particle in a magnetic field. This analogy ca
advantageously be used to describe the dynamics of T
in glasses. Their interaction with acoustic and electr
fields is usually treated as a weak perturbation ofH0. In
this way the standard TM successfully explains many
the anomalous thermal, acoustic, and dielectric propert
of glasses at temperatures below 1 K.

Upon closer consideration, however, pronounced dev
tions from the expected behavior are found in many cas
They probably have their origin in the interaction betwee
the TSs which is not taken into account in the standa
TM. The strength of this interaction was first deduced fro
acoustic hole burning experiments [4] and studied in mo
detail by measurements of the decay of coherent ech
[5]. Moreover, memory effects have been observed in d
electric measurements [6] which indicate the influence
the long-range interaction of TSs on both the density
states and the dielectric response [7]. Very recently, it h
been argued that a transition from coherent to incoher
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tunneling takes place if the mean interaction energy e
ceeds the tunnel splitting [8]. Taking into account the p
culiarities of glasses, this concept allows an explanation
several inconsistencies arising in the standard TM.

The interaction between TSs has to date been descri
in terms of an elastic (or electrostatic) coupling med
ated by virtual phonon (or photon) exchange. Based
the spin-boson Hamiltonian [9], the elastic interaction b
tween the TSs in glasses can be investigated in a n
perturbative manner [10]. These calculations demonstr
that the strong TS-phonon coupling essentially leads t
renormalization of the tunneling parameter and thus mo
fies related quantities like density of states or relaxati
times. This result explains to some extent the succ
of the standard TM: differently strong coupling betwee
the TSs does not cause qualitative but only quantitat
changes. However, it is known from the widely use
spin-1y2 Ising model that a variation of the interactio
may alter the macroscopic properties of an ensemble
two-state systems even qualitatively. This means that
exchange HamiltonianHint ­ 2s1y2d

P
i,j Jijs z

i s z
j , with

the potentialJij between TSs at sitesi andj, might be re-
sponsible for the occurrence of cooperative processes
even of continuous phase transitions.

We report here on measurements of the dielectric co
stant (or permittivity) of the glass BaO-Al 2O3-SiO2 with
eutectic composition at temperatures between700 mK
and 1 K. As a sample we used a thick-film capacitan
sensor (10 3 10 3 0.05 mm3) with 30 mm thick gold
electrodes on a sapphire substrate. The sensor was
pared from glass powder and gold paste by the silk-scre
process and subsequent sintering at 1225 K [11]. Devi
of this kind have already been used as glass capacita
thermometers [12].

The experiments were carried out in a nuclear dema
netization cryostat using an automatically balancing c
pacitance bridge operating at 1 kHz. In order to avo
© 1998 The American Physical Society 5361



VOLUME 80, NUMBER 24 P H Y S I C A L R E V I E W L E T T E R S 15 JUNE 1998

ure
ich

es
n-

en-
t

r-

the

t
ri-
tic
i-
en-
ity
ds.
ra-
an

for
of

gn.
on
r.
e

K
ible
und
e
c

ic

he
tic
uncontrolled variations of the magnetic field due to th
stray field of the magnet, the sample was placed in a N
cylinder with 25 mm in diameter. Although efforts were
made to screen the earth magnetic field, a residual fie
of B0 ø 20 mT was present at the sample. Passing th
transition temperature of Nb this field is frozen in. To
allow for a variation of the magnetic field the sampl
was mounted inside a small coil fixed within the cylin
der. Electric and magnetic field were pointing along th
axis of the Nb cylinder. Based on an extended tempe
ture scale [13] the temperature was measured with a3He
melting curve thermometer (MCT) and a pulsed platinu
NMR thermometer.

In Fig. 1 we have plotted the temperature varia
tion d´0sT dy´0sT0d ­ f´0sT d 2 ´0sT0dgy´0sT0d of the
dielectric constant́ 0, whereT0 ­ 3D1.26 mK is the tem-
perature of the lowest lying data point. At high tem
perature the permittivity decreases with decreasin
temperature, passes a minimum around 110 mK a
increases again. It levels off at a few millidegrees Kelvi
and approaches a constant value at the lowest temperat
An analogous behavior has been reported for other glas
[14,15].

Starting from higher temperature, the dielectric consta
decreases due to relaxation processes which vanish w
decreasing temperature. The increase of´0 below the
minimum reflects the resonant interaction of the TSs wi
the electric field. The prediction of the standard TM
is shown in Fig. 1 by a dashed line. At high tempera
ture the agreement between fit and data is satisfacto
whereas at low temperature significant deviations occ
As mentioned above, the variation of´0sT d in the entire
temperature range can be understood within the fram
of the TM if the occurrence of incoherent tunneling i
taken into account [8]. As in other glasses [14–16] th

FIG. 1. Temperature variation of the dielectric constant´0 of
BaO-Al 2O3-SiO2 glass measured at 1 kHz. The dashed lin
represents a calculation with the tunneling model.
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exact change of the dielectric constant at low temperat
depends on the strength of the applied electric field wh
was 15 kVym in the measurement shown.

Extremely surprising results were obtained in studi
of the influence of magnetic fields onto the dielectric co
stant. In Fig. 2 the relative changed´0y´0 of the dielectric
constant at 1.85 mK in the presence of a time dep
dent magnetic field is plotted as a function of time. A
the top of the figure the variationdBstd ­ Bstd 2 B0 of
the field is shown. The base line in this plot is dete
mined by the frozen-in fieldB0 ­ 20 mT. In the lower
part of the figure the data ford´0y´0 are presented. Each
data point was obtained by averaging the reading of
bridge for 1 min. Note that the scatter ofd´0y´0 is only
of the order of1028. The astonishing result is that a
this temperature the dielectric constant follows the va
ation of the magnetic field. This pronounced magne
field dependence of́0 is especially surprising since the d
electric properties of multicomponent glasses have int
sively been investigated [12] because of their applicabil
to capacitance thermometry under high magnetic fiel
In particular, it has been established that at tempe
tures down to 16 mK magnetic fields up to 20 T have
imperceptible effect on the dielectric constant [17].

In Fig. 3 the same type of measurement is shown
five different temperatures. As can be seen at the top
this figure, the field changes now had the opposite si
Astonishingly, with decreasing temperature the variati
d´0 associated withdB completely changes characte
At 11 mK the dielectric constant is independent of th
applied field within the scatter of our data. At 5.07 m
small changes can be seen which become clearly vis
at lower temperature. They are most pronounced aro
2 mK. Below that temperature the influence of th
field diminishes and finally at 0.72 mK the dielectri

FIG. 2. Influence of the magnetic field on the dielectr
constant of the BaO-Al 2O3-SiO2 glass. (a) Time variation
dBstd of the applied magnetic field. (b) Relative change of t
dielectric constant with the variation of the applied magne
field at 1.85 mK.
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FIG. 3. Influence of the magnetic field on the dielectri
constant of the BaO-Al 2O3-SiO2 glass. (a) Time variation
dBstd of the applied magnetic field. (b) Relative change of th
dielectric constant with the variation of the applied magnet
field at temperatures between 0.72 and 11.1 mK.

constant is no longer influenced by these small field
Taking a look at the noise level reveals another surprisi
phenomenon. In going from 11 to 5.07 mK the scatter
the data at zero field is drastically reduced and remai
small down to the lowest temperature.

There is an interesting difference between the da
taken at 1.40 and 2.56 mK, and those shown in Fig.
The dielectric constant first follows the variation of the
magnetic field. However, the decrease of´0 does not stop
when the zero fieldB0 is reached. It continues to decreas
for several minutes and finally approaches the equilibriu
value again. This behavior indicates that the relaxation
´0 from its value above the equilibrium to its equilibrium
value is accompanied by the production of heat. In th
case the sample warms up and´0 decreases according to
Fig. 1. Since the heat is slowly flowing to the heat sin
the temperature tends to its lower equilibrium value an
the dielectric constant recovers with time.

In a further experiment we have carried out a ver
careful measurement of́0 at temperatures around 6 mK
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As before, the sample was mounted in the Nb cylinde
to keep the effective magnetic field constant. It wa
slowly cooled from 6.88 to 4.88 mK at a constant rate
of 62.6 mKymin. In the upper part of Fig. 4 the recorded
variation of the dielectric constant is plotted as a functio
of time. Within the narrow temperature range of 2 mK
it can be approximated by two straight lines crossing a
5.84 mK. In order to magnify this discontinuity we have
plotted in the lower part of the figure the deviationd´0

s
of the dielectric constant from the straight line through
the first and last data point. This plot demonstrates th
there is an abrupt change of the slope indicating a pha
transition at 5.84 mK.

Summarizing we may state that we have observed tw
surprising phenomena: a strong magnetic field dependen
of the dielectric permittivity below 5.84 mK and a sharp
discontinuity of this quantity at that temperature.

In an isotropic dielectric, devoid of free charge and fre
current, the general constitutive equation for the pola
ization P is of the form P ­ ´0x1EEE 1 ´0x2sB ? EEEdB,

FIG. 4. (a) Dielectric constant of the BaO-Al 2O3-SiO2 glass
measured at a constant cooling rate of62.6 mKymin. The
dashed line is the extrapolation of the data from highe
temperature. (b) Same data after subtracting a straight lin
through the first and last points of the measurement. On th
abscissa the time scale has been converted to temperature.
5363



VOLUME 80, NUMBER 24 P H Y S I C A L R E V I E W L E T T E R S 15 JUNE 1998

s
d
re
-

d
l
-

ful
r
s-
k
in-

.

.

.
2-

-

,

s.
where the coefficientsx1 andx2 may depend on tempera-
ture, density, and the three scalarsEEE2, B2, andsEEE ? Bd2.
Polarization and electromotive intensityEEE are polar vec-
tors, while the magnetic inductionB is an axial vec-
tor. This means that under inversion,P and EEE change
their signs, whileB remains invariant. Glasses are prop
erly assumed to be linear dielectrics so that the pola
ization is given byP ­ ´0x1EEE ­ s´ 2 ´0dEEE and the
dielectric constant́ depends only on temperature an
density (or deformation). Deviations from a linear be
havior require a nonlinear constitutive equation for th
magnetizationM because of the integrability condition
≠Py≠B ­ ≠My≠EEE. Although the observed dependenc
of ´ on B2 and sEEE ? Bd2 can formally be explained in
a nonlinear field theory, the abrupt appearance of a no
linear magnetic behavior in glasses below 6 mK remai
to be seen.

It is tempting, however, to assume that at 5.84 mK
transition takes place from the uncorrelated and incohe
ent tunneling motion of individual TSs to a highly cor-
related motion. In this way the glass would be able
reduce its free energy by minimizing the energy of inte
action between the TSs. Thus the discovered low te
perature phenomenon could be discussed as a continu
phase transition with a critical temperatureTc. For T ,

Tc, the thermal noise is too weak to suppress the fo
mation of a highly coherent ensemble of TSs dress
with clouds of virtual phonons. For energies smaller tha
the characteristic energy scale given bykBT , the dressed
TSs may be considered as elementary excitations o
ground state described by the macroscopic wave fun
tion C ­ jCj expsiFd. Since the equilibrium value of
the modulus ofC is determined by the temperature, th
arbitrary phaseF parametrizes a continuously degene
ated equilibrium state of glasses belowTc. In principle,
the phase structure determined by the spatial depende
of the macroscopic wave function can be derived from
Ginzburg-Landau functional. Then, due to the couplin
betweenB andC, the influence of the magnetic field on
the polarization belowTc can qualitatively be described.

In conclusion we have reported on surprising phe
nomena discovered in BaO-Al 2O3-SiO2 glass at very
low temperatures which had never been observed befo
We want to point out that we reproduced the measur
ments not only in the case of BaO-Al 2O3-SiO2 glass but
have made similar findings also in other multicompo
nent glasses thoughTc exhibited slightly different values.
Therefore, we expect that the observed phase transit
from uncorrelated, incoherent tunneling of individual TS
5364
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to a correlated motion of a large number of dressed TS
occurs in all glasses. Of course, we have only touche
on a novel and unexpected phenomenon and much mo
experimental and theoretical work is needed to fully un
derstand the underlying physical principles.
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