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Introduction:
 The Li2O - GeO2 system comprises a number of compounds with interesting physical properties. For instance, Li2GeO3 is a pyroelectric crystal, Li2Ge4O9 is a ferroelectric exhibiting fairly high spontaneous polarization, and lithium heptagermanate Li2Ge7O15 (LGO) is classed among weak ferroelectrics. LGO crystals
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undergo a second-order transition at Tc= 283.5 K from a high temperature paraelectric to polar phase, which entails a change in symmetry 
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 (Kudzin et al: 1997). A number of studies have dealt with the LGO structure and its changes induced by the phase transition (Vollenkle et al: 1970 and Iwata et al: 1987). The framework of the LGO lattice is formed by GeO6 octahedra and GeO4 tetrahedra, which share corners. Neutron diffraction measurements (Iwata et al: 1987) permitted one to assign the GeO4 tetrahedron vibrations to an oscillator mode and to relate the major contribution to the anomaly in dielectric permittivity to Li+ dynamics exhibiting an ordering pattern.

 Impurities have strong influence on the physical properties of Li2Ge7O15 crystals. The introduction of an impurity usually takes place during the preparation of fusion mixture. However, even the crystals without the specially injected impurities defer in the physical properties. This is recognized particularly in the value of the dielectric permittivity (
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) at the point of phase transition. The reported value of 
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max = 43 by (Wada et al: 1983), but it reaches 300 in our samples as it was already mentioned in a previous work of us (Kudzin et al: 1997). The reason of such big distinction can be referred to quality of the crystals, and, apparently, is one of the features of weak ferroelectrics, in which the value of 
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max strongly depends on the electric field. It is known, that influence of an irregularity in ferroelectric samples, frequently connected to the formation of an internal electric field which results in a partial suppression of the dielectric properties (Levanyuk et al: 1988). Therefore it is interesting to dope crystals LGO by the method of diffusion of an impurity into a pure sample.

      Study of diffusion or self-diffusion processes in LGO crystals, by the information available to us, was not spent. However, a detailed study of an ionic conductivity of compounds based on Li4GeO4 was carried out by (Ivanov 1986). The results show that the introduction of cations such as Zn2+, Al3+, Gе4+, Si4+, Ti4+ etc. to these compounds gives a sharp increase of conductance caused by the transport of Li+ ions through the structural channels in Li4GeO4 compounds. The lattice of LGO crystals also contains channels in which Li+ ions can be transported and that can result in high mobility of Li+ ions in this material.

      Because we want to replace lithium ions, it is necessary to choose cations with small ionic radii similar to that of lithium ions, besides their charge should be positive and equal to Li+ ions charge. So that we attempted to dope LGO crystals by protons.

      It is necessary to note that the protons in various crystals are studied long enough and intensively. One of the aims is to search for materials with high proton conductance. Recently, an interest was given to study the proton conductance of oxides and composite oxides. Perspective materials are the crystals with lattice containing structural channels on which transport of protons is possible, as apatites (Yamashita et al: 1990). We can expect that in LGO crystals (which also having the structural channels) favorable requirements for introduction and transport of protons exist.

Experiment: 
      One of the methods of making proton defects in crystals is the diffusion of protons from a gas (usually an atmosphere of air or nitrogen containing water vapor at high temperatures ~800-850 K). As a result of chemical reactions at the surface of crystal, molecules of water are decomposed and H+ ions or / and OH- are implanted into the crystal. This method was successfully utilized for the introduction of protons in materials of oxides and composite oxides (Waser 1986).
      The other method is the replacement of Li+ ions by protons through an exchange process between crystal and acid. This procedure is effectively utilized for a surface doping of lithium niobate (LiNbO3) crystals for making planar waveguides of integrated optics (Rickermann et al: 1995). Researches showed that the motion of protons in LiNbO3 has activation character with an activation energy ~1.23 eV (Klauer et al: 1992).

      In the acid method the authors of (Xinghong et al: 1995) used the hydrogen nitrate (water solution 69% weights) at temperature 363-373 K. However it is more effective to use benzene carboxylic acid (BCA), which boils at temperature ~ 522 K. Therefore exchange reaction is necessary to take place in a tight-closed pressure vessel.

      The LGO crystals were annealed in the vapor of BCA at temperature 533 K for 10, 30 and 100 hours. The procedure of doping of crystals LGO by protons carried out through exchange reaction of Li+ and hydrogen Н+ ions, as follows: plane-parallel LGO samples (5x5x2 mm3) cut out from crystallographicly oriented one, the effective areas were polished. After that the crystal was positioned in a special vessel with a tightly closed cover previously filled with BCA (С6Н5-СООН) which then positioned in the furnace with temperature ~533 K for the required time intervals.

      Samples of two orientations were annealed in BCA: the first orientation [001] plates with a major surface perpendicular to the ferroelectric axis (that is the structural channels in which are parallel to the major surface), the second one was [100] in which the channels were perpendicularly to the major surface.

      After each cycle of annealing measurements of the dielectric constant 
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 as a function of temperature were carried out. Unfortunately, the small magnitude of dielectric losses in the samples did not permit measuring the imaginary part of the dielectric permittivity with sufficient accuracy, so only the real part of permittivity was measured and reported in this work. 

Results and Discussion:
      Results of temperature dependence of 
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for LGO crystals obtained in a crystallographic direction [001] for nominally pure, annealed for 10, 30, 100 hours are shown in Fig.1 (a, b, c, d). It is clear that with increasing the time of annealing the dielectric permittivity of crystals decreases at Curie point. For LGO it was shown by (Volnyanskii et al: 1990 and Volnyanskii et al: 1991) that isovalent substitution of Ge4+ ions shifts substantially the phase-transition temperature, while Li+ substitution affects only weakly Tc. So the weak shift in Tc (from 285.5 K for pure to 284 K for annealed LGO samples) indicates that Li ions were replaced by protons.
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Fig.(1): The temperature dependence of
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for LGO crystals in the [001] direction, after annealing in BCA for : a- 0 hours, b- 10 hours, c- 30 hours, d- 100 hours.

      It is known, that the heat treatment of crystals can result in change of properties of the surface of the sample that can lead to apparent decrease of dielectric permittivity. To examine if the change of properties dominates the entire crystal, the sample thickness was reduced 20% by grinding. The results show that this process did not influence the maximum value of 
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 as shown in Fig. 1d. So these experiments have shown that change of properties of LGO during annealing in BCA are carried out in the whole volume of the crystal.

      IR-absorption spectra measurements are shown in Fig 2. It is necessary to note, that the protons implantation in oxides and composite oxides gives formation of groups OH-, which yield spectrum peak near 2800 - 3000 cm-1. As it is shown in Fig. 2, data uniquely proves the entry of protons in LGO crystal lattice.
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Fig.(2): IR-absorption spectrums of LGO in the direction [001], 1- before, 2- after annealing in BCA for 100 hours.
      The treatment of LGO crystals in BCA also gives a change in optical spectra of transmission in the visible band. From (Fig. 3) we can see that the heat treatment of LGO results in a reduction of optical transmission in the visible band. This change in optical spectrum can be referred to the occurrence of new levels in the forbidden band of crystal, these levels are contiguous to the bottom of the conduction band and/or to the top of the valence band.
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Fig.(3): logarithm of transmission coefficient (
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) versus the energy of the incident wave, for LGO in the direction [001], before and after annealing in BCA for 100 hours.

      These changes in transmission optical spectrum could change the electronic properties of LGO crystals, in particular it may change the electron conduction. To check this suggestion, measurements of the electrical conductivity of LGO crystals in crystallographic directions [001], [100], before and after treatment in BCA were carried out. 

      Fig. 4 shows, that in the absence of any treatment of the crystals there is anisotropy of the conductivity. In a direction [100] i.e. parallel layers ( 
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) in one order of magnitude more than electrical conductivity in the direction [001] i.e. perpendicular layers (
[image: image14.wmf]s

^

), that is not unexpected because of the anisotropy of lattice structure. Note that the activation energy of conductance is approximately identical for both directions.
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Fig.(4): Temperature dependence of electrical conductivity of LGO crystals in the directions [001]and [100], before treatment in BCA.
      The treatment in BCA gives unequal change of conductivity for two crystallographic directions. From Fig. 5 it is clear, that in case of direction [001] the conductivity increased approximately in one order of magnitude, while the conductivity in the direction [100] 
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 increased some tenth percent, i.e. in both cases practically without any change of the activation energy. Thus, the change of the absorption spectrum can be referred to the occurrence of new levels in the conduction band, which gives rise to the electrical conductivity.
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Fig.(5): Temperature dependence of electrical conductivity of LGO crystals in the directions [001] and [100], after treatment in BCA for 100 hours.

      Unequal influence of treatment on the conductivity (
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) in various crystallographic directions [001] and [100], can be understood if we take into account, that in LGO crystal there are two probable ways of electronic transport, first one is along channels, the second is - through the matrix of the crystal. In [001] direction the electrical conductivity is carried out only through the matrix, while in the direction [100] the electrical conductivity is carried out through both the matrix and channels, and that is the reason of the anisotropy of electrical conductivity in (Fig. 4). The treatment of crystals in BCA gives a different influence on these two trajectories of electronic transport.

      The presence of oxygen vacancies (positively charged) in the matrix of LGO crystal is responsible for the existence of levels of electron capture in the forbidden band. As a result of treatment in BCA the oxygen vacancies were filled by OH- ions. That gives complete or partial elimination of entrapment levels. In this case it is possible to expect an increase of the electrical conductivity in the crystal matrix, after treatment in BCA.

Conclusion:
      It was shown that LGO crystal can be doped by the method of diffusion of impurity into pure samples. Particularly Li ions in LGO crystal were replaced by protons using the above method. The presence of Li ions replacement by protons was proved by the IR-absorption spectrum and also by the weak shift of Tc toward lower temperature.

      Proton doping of LGO crystal results: a) reduction of dielectric permittivity at Curie point; b) reduction in optical spectrums of transmission; c) increasing (almost in one order of magnitude) the conductivity of LGO crystal in [001] direction. 
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ملخص


      تم في هذا البحث إثبات إمكانية إشابة بلورة جرمانات الليثيوم بالبروتونات عن �طريق غليها في حامض البنزاويك. تم التأكد من عملية الإشابة بالبروتونات من خلال طيف الامتصاص لللأشعة تحت الحمراء وكذلك من خلال الانزياح في نقطة كوري نحو درجات الحرارة الأقل. أدت عملية الإشابة بالبروتونات إلى نقصان في كل من ثابت العازل عند نقطة كوري و النفاذية البصرية في المنطقة المرئية. كما أدت أيضاً الى زيادة الموصلية الكهربائية في بلورة جرمانات الليثيوم في الاتجاه البلوري [001] بمقدار عشرة أضعاف تقريباً. 


Abstract


       This research showns that lithium heptagermanate crystals (Li2Ge7O15) can be doped by protons during annealing in benzene carboxylic acid. The presence of proton doping by the above method was proved by the IR-absorption spectrum and also by the weak shift of Tc toward lower temperature. Proton doping leads to a reduction in both the dielectric permittivity at Curie point and optical transmission in the visible region. Proton doping also increased the conductivity (almost in one order of magnitude) of LGO crystal in [001] direction.
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