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Evidence for a Phase Transition in Glasses at Very Low Temperature:
A Macroscopic Quantum State of Tunneling Systems?
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Dielectric measurements at very low temperature indicate that in the multicomponent glass
BaO-Al,0;-Si0O, a phase transition occurs at 5.84 mK. Below that temperature small magnetic fields of
the order of10 uT 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

The anomalous low-temperature properties of glassetsinneling takes place if the mean interaction energy ex-
are caused by low energy excitations present in alteeds the tunnel splitting [8]. Taking into account the pe-
amorphous solids [1]. In the tunneling model (TM) [2,3] culiarities of glasses, this concept allows an explanation of
these excitations are described on a phenomenologicakveral inconsistencies arising in the standard TM.
basis by tunneling systems (TSs). In the simplest case, The interaction between TSs has to date been described
such a tunneling system can be represented by a particle terms of an elastic (or electrostatic) coupling medi-
in a double-well potential. At low temperature only ated by virtual phonon (or photon) exchange. Based on
the ground states in the two wells are relevant, andhe spin-boson Hamiltonian [9], the elastic interaction be-
the system will effectively be restricted to the two- tween the TSs in glasses can be investigated in a non-
dimensional Hilbert space spanned by the two groungberturbative manner [10]. These calculations demonstrate
states. In the pseudospin representation with the Paulhat the strong TS-phonon coupling essentially leads to a
matriceso* and o%, the Hamiltonian of an isolated TS renormalization of the tunneling parameter and thus modi-
is given by Hy = (1/2) (Ao* — Ago*), where A and fies related guantities like density of states or relaxation
Ay are the asymmetry energy and the tunneling matriximes. This result explains to some extent the success
element, respectively. Because of the random structuref the standard TM: differently strong coupling between
of glasses the characteristic parametérand A, of the  the TSs does not cause qualitative but only quantitative
TSs exhibit a broad distribution. Clearly, the Hamiltonianchanges. However, it is known from the widely used
of an isolated TS is formally equivalent to that of aspin-1/2 Ising model that a variation of the interaction
spin-1/2 particle in a magnetic field. This analogy canmay alter the macroscopic properties of an ensemble of
advantageously be used to describe the dynamics of TSwo-state systems even qualitatively. This means that the
in glasses. Their interaction with acoustic and electricexchange Hamiltonia#d;, = —(1/2) Y, ; J;jo o7}, with
fields is usually treated as a weak perturbatiorHgf In  the potential/;; between TSs at sitgsand j, might be re-
this way the standard TM successfully explains many ofponsible for the occurrence of cooperative processes and
the anomalous thermal, acoustic, and dielectric propertiesven of continuous phase transitions.
of glasses at temperatures below 1 K. We report here on measurements of the dielectric con-

Upon closer consideration, however, pronounced deviastant (or permittivity) of the glass Ba@l,0;-SiO, with
tions from the expected behavior are found in many casegutectic composition at temperatures betwé&@®0 uK
They probably have their origin in the interaction betweenand 1 K. As a sample we used a thick-film capacitance
the TSs which is not taken into account in the standargensor {0 X 10 X 0.05 mm?®) with 30 um thick gold
TM. The strength of this interaction was first deduced fromelectrodes on a sapphire substrate. The sensor was pre-
acoustic hole burning experiments [4] and studied in morgpared from glass powder and gold paste by the silk-screen
detail by measurements of the decay of coherent echogsocess and subsequent sintering at 1225 K [11]. Devices
[5]. Moreover, memory effects have been observed in diof this kind have already been used as glass capacitance
electric measurements [6] which indicate the influence othermometers [12].
the long-range interaction of TSs on both the density of The experiments were carried out in a nuclear demag-
states and the dielectric response [7]. Very recently, it hagetization cryostat using an automatically balancing ca-
been argued that a transition from coherent to incoherermacitance bridge operating at 1 kHz. In order to avoid
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uncontrolled variations of the magnetic field due to theexact change of the dielectric constant at low temperature
stray field of the magnet, the sample was placed in a Nblepends on the strength of the applied electric field which
cylinder with 25 mm in diameter. Although efforts were was 15 kV/m in the measurement shown.
made to screen the earth magnetic field, a residual field Extremely surprising results were obtained in studies
of By = 20 uT was present at the sample. Passing thef the influence of magnetic fields onto the dielectric con-
transition temperature of Nb this field is frozen in. To stant. In Fig. 2 the relative change’/<’ of the dielectric
allow for a variation of the magnetic field the sampleconstant at 1.85 mK in the presence of a time depen-
was mounted inside a small coil fixed within the cylin- dent magnetic field is plotted as a function of time. At
der. Electric and magnetic field were pointing along thethe top of the figure the variatiodB(r) = B(r) — By of
axis of the Nb cylinder. Based on an extended temperahe field is shown. The base line in this plot is deter-
ture scale [13] the temperature was measured witH@ mined by the frozen-in field, = 20 uT. In the lower
melting curve thermometer (MCT) and a pulsed platinumpart of the figure the data faie’/e’ are presented. Each
NMR thermometer. data point was obtained by averaging the reading of the
In Fig. 1 we have plotted the temperature varia-bridge for 1 min. Note that the scatter 6&'/<’ is only
tion 8¢/(T)/e(Ty) = [/(T) — €'(Ty)]/€'(Ty) of the of the order of1078. The astonishing result is that at
dielectric constant’, whereT, = 3D1.26 mK is the tem-  this temperature the dielectric constant follows the vari-
perature of the lowest lying data point. At high tem- ation of the magnetic field. This pronounced magnetic
perature the permittivity decreases with decreasindield dependence af is especially surprising since the di-
temperature, passes a minimum around 110 mK andlectric properties of multicomponent glasses have inten-
increases again. It levels off at a few millidegrees Kelvinsively been investigated [12] because of their applicability
and approaches a constant value at the lowest temperatute. capacitance thermometry under high magnetic fields.
An analogous behavior has been reported for other glassés particular, it has been established that at tempera-
[14,15]. tures down to 16 mK magnetic fields up to 20 T have an
Starting from higher temperature, the dielectric constanimperceptible effect on the dielectric constant [17].
decreases due to relaxation processes which vanish with In Fig. 3 the same type of measurement is shown for
decreasing temperature. The increasesbfbelow the five different temperatures. As can be seen at the top of
minimum reflects the resonant interaction of the TSs wittthis figure, the field changes now had the opposite sign.
the electric field. The prediction of the standard TM Astonishingly, with decreasing temperature the variation
is shown in Fig. 1 by a dashed line. At high tempera-6¢’ associated with§B completely changes character.
ture the agreement between fit and data is satisfactor&t 11 mK the dielectric constant is independent of the
whereas at low temperature significant deviations occurapplied field within the scatter of our data. At 5.07 mK
As mentioned above, the variation ef(T) in the entire  small changes can be seen which become clearly visible
temperature range can be understood within the framat lower temperature. They are most pronounced around
of the TM if the occurrence of incoherent tunneling is2 mK. Below that temperature the influence of the
taken into account [8]. As in other glasses [14—16] thefield diminishes and finally at 0.72 mK the dielectric
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constant of the Ba@l,0;-SiO, glass. (a) Time variation
FIG. 1. Temperature variation of the dielectric constehof 8B(r) of the applied magnetic field. (b) Relative change of the
BaO-Al,0;-SiO, glass measured at 1 kHz. The dashed linedielectric constant with the variation of the applied magnetic
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15 T T . . . 1 1 As before, the sample was mounted in the Nb cylinder

10 a 4 to keep the effective magnetic field constant. It was
5L i slowly cooled from 6.88 to 4.88 mK at a constant rate
of 62.6 uK/min. In the upper part of Fig. 4 the recorded
0 ‘ . . . . ‘ ! variation of the dielectric constant is plotted as a function
of time. Within the narrow temperature range of 2 mK
51 b 0.72mK 4 it can be approximated by two straight lines crossing at
0 fosmencn, reee 5.84 mK. In order to magnify this discontinuity we have
plotted in the lower part of the figure the deviatiém!

e of the dielectric constant from the straight line through

8B (uT)

5L 140mK the first and last data point. This plot demonstrates that
there is an abrupt change of the slope indicating a phase

0 M,f”—" transition at 5.84 mK.

S ] Summarizing we may state that we have observed two

surprising phenomena: a strong magnetic field dependence
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 free
. . , , A . current, the general constitutive equation for the polar-
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FIG. 3. Influence of the magnetic field on the dielectric
constant of the Ba@l,0s-SiO, glass. (a) Time variation
8B(r) of the applied magnetic field. (b) Relative change of the 1+ a)
dielectric constant with the variation of the applied magnetic
field at temperatures between 0.72 and 11.1 mK.

constant is no longer influenced by these small fields. 20 ]
Taking a look at the noise level reveals another surprising T,= 584 mK
phenomenon. In going from 11 to 5.07 mK the scatter of s \

the data at zero field is drastically reduced and remains
small down to the lowest temperature.

There is an interesting difference between the data £ g0l .
taken at 1.40 and 2.56 mK, and those shown in Fig. 2. f
The dielectric constant first follows the variation of the = os

magnetic field. However, the decreasesbtloes not stop
when the zero field, is reached. It continues to decrease
for several minutes and finally approaches the equilibrium 0.0 | 1
value again. This behavior indicates that the relaxation of
g fron_1 its value ab'ove the eqU|I|br|urr_1 to its equnlbrlum' T o5 ao 5r 5o %
value is accompanied by the production of heat. In this Temperature T (mK)

case the sample warms up ag/ddecreases according to

Fig. 1. Since the heat is slowly flowing to the heat sinkFIG. 4. (a) Dielectric constant of the Badl,0;-SiO, glass

the temperature tends to its lower equilibrium value andneasured at a constant cooling rate @6 xK/min. The
the dielectri tant ith ti dashed line is the extrapolation of the data from higher
e dielectric constant recovers with ume. temperature. (b) Same data after subtracting a straight line

In a further experiment we have carried out a Veryhrough the first and last points of the measurement. On the
careful measurement af at temperatures around 6 mK. abscissa the time scale has been converted to temperature.

b)
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where the coefficientg; and y, may depend on tempera- to a correlated motion of a large number of dressed TSs
ture, density, and the three scal&¥$, B>, and(€ - B)>.  occurs in all glasses. Of course, we have only touched
Polarization and electromotive intensi are polar vec- on a novel and unexpected phenomenon and much more
tors, while the magnetic inductio® is an axial vec- experimental and theoretical work is needed to fully un-
tor. This means that under inversioB,and € change derstand the underlying physical principles.
their signs, whileB remains invariant. Glasses are prop- The authors thank G. Schuster, A. Hoffmann, and
erly assumed to be linear dielectrics so that the polarb. Hechtfischer for putting the MCT data at our disposal
ization is given byP = gox1€ = (¢ — ¢9)€ and the and for helping us with the realization of the nuclear de-
dielectric constante depends only on temperature and magnetization experiments. Furthermore, we are grateful
density (or deformation). Deviations from a linear be-to Ch. Modes and K. Deckelmann of Heraeus GmbH for
havior require a nonlinear constitutive equation for thepreparing the thick-film sensors and acknowledge discus-
magnetizationM because of the integrability condition sions with J. Classen and M. von Schickfus. This work
aP/oB = dM /€. Although the observed dependencehas been supported by the Deutsche Forschungsgemein-
of £ on B? and (€ - B)? can formally be explained in schaft (Grant No. Hu354.1).
a nonlinear field theory, the abrupt appearance of a non-
linear magnetic behavior in glasses below 6 mK remains
to be seen.
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