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In the past years, composite materials, consisting of conductive grains embedded into some insulating
matrix, have attracted continuously increasing attention due to the possibility to combine different, and
sometimes competing physical phenomena in a single material and observe new fundamental effects™?.
The possible range of observable behaviors is very broad and the following examples are by no means
exhaustive: granular metals can show the insulator-superconductor transition® due to an interplay of
superconductivity and Coulomb blockade, giant magnetoresistance effects appear in granular
ferromagnets® because of the spin dependent tunneling of current carriers between grains, or the
combination of ferroelectric and ferromagnetic materials allows to produce a strain mediated
magnetoelectric coupling®.

We investigated theoretically electron transport in granular ferroelectrics (GFE) consisting of metallic
nano grains embedded into a ferroelectric matrix and show that depending on the external electric field
and temperature three transport regimes are possible: 1) multiple electron cotunneling, 2) sequential
tunneling, and 3) metallic transport®”®. We showed that the crossover between different regimes can be
studied by changing the temperature or the external electric field leading to a strongly non-linear
conductivity behavior and large conductivity jumps. The microscopic reason for the crossover between
different regimes is the changing of the Coulomb gap due to the variation of dielectric permittivity of the
ferroelectric (FE) matrix under the influence of temperature or electric field.

For temperatures approaching the paraelectric-ferroelectric transition point the dielectric permittivity of
the FE matrix increases leading to a decrease of the Coulomb gap. This leads to occurrence of insulator-
metal transition for temperatures close to the ferroelectric Curie temperature and weak applied electric
fields (see Fig. 1(a)). The conductivity of GFE increases three orders of magnitude in a rather narrow
temperature range. This is an unexpected result because usually conductivity decreases in the vicinity of a
phase transition due to scattering of electrons on fluctuations of the order parameter. This behavior can be
utilized to built a GFE thermometer for precise temperature measurements. It is worth to mention that this
non-trivial behavior is a peculiarity of granular ferroelectrics and cannot be observed in the tunnel
junctions with ferroelectric barrier.

Another peculiarity of electron transport in composite ferroelectrics occurs due to the hysteretic behavior
of the ferroelectric matrix. The hysteresis leads to the existence of two different intermediate states with
different average electrical polarization and correlation function of microscopic electric field and
microscopic polarization. The conductivities in these states can be several order of magnitude different.
This occurs since the two states of FE matrix corresponds to different transport regimes of the whole
GFE, namely insulating and metal. The effect can be utilized in memory applications. It provides the
reading mechanism based on the current measurement.

We calculated conductivity of granular metal film placed above FE substrate (see Fig. 1(b)). FE substrate
state strongly influences the conductivity of granular film. The state of FE substrate can be controlled



with a gate electrode placed below FE substrate. Due to above mentioned effect conductivity shows
hysteresis behavior.

We showed that our theory is in qualitative agreement with recent experiments on transport properties of
granular ferroelectrics.

In addition, we show that the main parameters determining the transport in composite ferroelectrics are: 1) the
correlation function of intrinsic microscopic field and the local electric polarization and 2) the dielectric permittivity
of the ferroelectric matrix.
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Figure 1. (a) Conductivity as a function of temperature for granular FE in which metal grains embedded into FE matrix.
T is the FE Curie temperature. (b) Conductivity as a function of gate voltage for a field effect transistor with FE placed
in between the channel and a gate electrode. Channel is made of granular metal film. E; is the FE switching field.

Acknowledgements A.G. was supported by the U.S. Department of Energy Office of Science under the
Contract No. DE-AC02-06CH11357. I. B. was supported by NSF under Cooperative Agreement Award
EEC-1160504.

References

[1] M. Dawber, K. M. Rabe, and J. F. Scott, Rev. Mod. Phys. 77, 1083 (2005).

[2] I. S. Beloborodov, A. V. Lopatin, V. M. Vinokur, and K. B. Efetov, Rev. Mod. Phys. 79, 469 (2007).
[3] Y. Shapira and G. Deutscher, Phys. Rev. B 27, 4463 (1983).

[4] M. Salvato, M. Lucci, I. Ottaviani, M. Cirillo, E. Tamburri, S. Orlanducci, M. L. Terranova, M.
Notarianni, C. C. Young, N. Behabtu, and M. Pasquali, Phys. Rev. B 86, 115117 (2012).

[5] H. Ryu, P. Murugavel, J. H. Lee, S. C. Chae, T. W. Noh, Y. S. Oh, H. J. Kim, K. H. Kim, J. H.
Jang,M.Kim,C.Bae, and J.-G. Park, Appl. Phys. Lett. 89, 102907 (2006).

[6] O. G. Udalov, A. Glatz, and I. S. Beloborodov, Europhys. Lett. 104, 47004 (2013).

[7] O. G. Udalov, N. M. Chtchelkatchev, A. Glatz, and I. S. Beloborodov, Phys. Rev. B 89, 054203
[8] O. G. Udalov, N. M. Chtchelkatchev, and I. S. Beloborodov, Phys. Rev. B 90, 054201



