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Abstract

:

The DC and AC magnetic susceptibilities of an opal matrix-based nanocomposite with pyrochlore-structured ytterbium titanate particles up to 60 nm in size have been studied in the range of magnetic fields up to 30 kOe. The measurements were performed at temperatures from 2 to 200 K. The temperature dependence of the nanocomposite Yb2Ti2O7 has been found to deviate significantly from the Curie–Weiss law. From the frequency dependence of the AC susceptibility measured in the range from 10 Hz to 10 kHz, the spin relaxation times have been determined, and two relaxation times have been found to be required for the description of the frequency dependence of the susceptibility. The field dependence of the AC susceptibility has been measured. This dependence is proved to be described by the modified Cole–Cole formula. The characteristic fields of the magnetic field dependence of the real part of the susceptibility are determined, the value of the characteristic field being found to increase with increasing temperatures.
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1. Introduction


In recent years, the magnetic properties of rare-earth titanates with the pyrochlore structure have been studied very intensively. Their chemical composition is expressed by the formula R2Ti2O7, where R is a trivalent rare-earth metal ion. The increased interest in these compounds is due to the fact that, at low temperatures, dysprosium and holmium titanates have the properties of “spin ice”—a special frustrated magnetic state characterized by macroscopic degeneracy, that is, the same energy of states with different spin directions [1]. In a certain temperature range, Ho2Ti2O7 and Dy2Ti2O7 titanates are considered as spin liquids with the classical type of magnetic fluctuations. Ytterbium titanate Yb2Ti2O7 was considered as a candidate for a material with the properties of a quantum spin liquid [2,3]. This assumption was based on experimental studies of neutron scattering, which did not reveal signs of long-range magnetic ordering [4]. Further studies proved the existence of ferromagnetic ordering at temperatures below 250 mK [5]. The problem of the ground magnetic state in Yb2Ti2O7 has been carefully explored. These investigations have shown the complexity of the unconventional magnetic ground state and the importance of the magnetic fluctuations study. It has been found that long-range dipole–dipole interaction and short-range superexchange interaction between Yb3+ ions should be taken into account to describe the magnetic properties of Yb2Ti2O7 [6]. Low-temperature magnetic ordering in ytterbium titanate has been investigated by specific heat and positive muon spin relaxation methods [7]. In [8], the presence of strong quantum fluctuations allowed one to suggest that this titanate takes a position between phases ordered ferromagnetically and antiferromagnetically.



For the results of this paper, it is important to find the ground magnetic state of Yb2Ti2O7, since the type of the ground state affects the temperature dependence of the magnetic susceptibility and the spin relaxation times. Thorough study by a method of neutron scattering allows one to find the ground magnetic state structure. Yb2Ti2O7 titanate is believed to be a “splayed ferromagnet“, in the structure of which the magnetic moments of the Yb3+ ions, located at the vertices of the tetrahedral, are directed outside this tetrahedron, in contrast to the “two spins in—two spins out” rule that is typical for “spin ice“ [9,10,11]. The titanate passes into the ferromagnetic state through a first-order phase transition [12]. In work [13], devoted to the analysis of the conditions for the realization of the state of “quantum spin ice“, a review of studies of Yb2Ti2O7 titanate is given, and a splayed ferromagnetic structure is confirmed. The conclusion is that there is insufficient evidence that this titanate belongs to materials of the “quantum spin ice” type.



The magnetic properties of ytterbium titanate are investigated in detail in [14]. The measurement of the temperature dependence of the magnetic susceptibility of poly- and single-crystal samples allows one to determine the Curie–Weiss temperature. The magnetization curves of powder titanate are calculated and compared with the experimental results. The measured temperature dependences of several titanates, including Yb2Ti2O7, are compared with the calculated ones based on the crystal field theory [15]. The calculation takes into account both the dipole–dipole and anisotropic superexchange interactions between the nearest rare-earth ions. The fact that the temperature dependence of the magnetic susceptibility for Yb2Ti2O7 powder titanate does not strictly comply with the Curie–Weiss law has been found in [16].



Measurements of the AC susceptibility can provide information about the unusual magnetic properties of pyrochlore titanates [17]. To find the characteristics of exotic spin systems, the frequency behavior of the susceptibility and its high-frequency limit are important. For example, an investigation of frequency dependence of the AC susceptibility allows one to conclude that Dy2Ti2O7 titanate, demonstrating spin ice properties, has two magnetic relaxation times [18]. One of these times, which is significant at temperatures below 2 K, is associated with a highly degenerate state of spin ice. The second relaxation time is important at the higher temperature of 10 K.



Most of the experimental studies of titanates are carried out with polycrystalline or single-crystal samples. However, titanate nanoparticles, in principle, can have specific properties. The work [19], performed on nanocomposite samples, reports that some nanocomposite titanates, including Yb2Ti2O7, can be magnetically ordered at sufficiently high temperatures of ~10–20 K. The frequency dependence of the AC susceptibility of several nanocomposite titanates, measured in the range from 1 Hz to 10 kHz, is studied in [20]. The Cole–Cole formula [21] is used to determine magnetic relaxation times. The magnetic field dependence of the AC susceptibility of several pyrochlore titanates is explored in [22]. The dependence of the real part of the susceptibility has been found to be described by a modified formula, which is similar in structure to the Cole–Cole formula.



In this article, the temperature dependences of a nanocomposite based on an artificial opal matrix with Yb2Ti2O7 titanium nanoparticles introduced into interspherical voids is systematically studied. The temperature dependences of susceptibility for the nanocomposite and bulk titanate samples are compared. The frequency and field dependences of the AC susceptibility are explored. The magnetic relaxation times of the nanocomposite titanate, as well as the characteristic fields for the field dependences of the AC susceptibility, are determined.




2. Materials and Methods


The crystal lattice of titanates of the R2Ti2O7 type with the pyrochlore structure belongs to the space group   F d −  3 ¯  m  . The sublattice of rare-earth ions forms a system of tetrahedra. Figure 1 schematically shows the arrangement of rare-earth metal ions at the tetrahedron vertices. The arrows in this figure show the direction of spins in the Yb2Ti2O7 ground state.



The arrangement of the spins of the Yb3+ ions allows for magnetic frustrated states. In accordance with the conclusions of the works [9,10,11], all four spins are directed outside the tetrahedron, in contrast to the direction of spins that are characteristic of frustrated pyrochlores—two inside the tetrahedron, two outside.



Opal matrices were chosen as a base for the preparation of the nanocomposites. These are structures of amorphous silicon dioxide-based submicron spheres that are from 200 to 350 nm in diameter. The choice of artificial opals is caused by the following circumstances. An empty opal matrix has a very low magnetic susceptibility [23]. Therefore, the magnetic properties of the nanocomposite are almost entirely determined by the introduced particles. A close-packed opal matrix has a periodic structure; thus, nanoparticles introduced into interspherical voids are located approximately periodically. The nanocomposite preparation technique is described in [24]. In this work, opal matrices with SiO2 spheres that are from 240 to 280 nm in diameter were synthesized by using the following technology. The hydrolysis of orthosilicic acid ester Si(OC2H5)4 is carried out with an ethanol solution. Ammonia hydrate is present as a catalyst. First, amorphous SiO2 is obtained in the form of small branched nanoparticles. Later, the polycondensation process resulting in the formation of spherical-shaped amorphous SiO2 particles takes place. After settling the suspension, a hydrogel with a liquid content of up to 60% is obtained. To increase the strength, the obtained opal matrices are subjected to heat treatment at 700 °C after drying. This procedure completely removes the rest of the water.



The simplest way to obtain nanocomposites based on an opal matrix is to impregnate the matrix with a precursor, followed by heat treatment. The precursors are usually metal nitrates with good solubility in water, which are converted into oxides at moderate heat treatment temperatures, not disturbing the shape of opal spheres and their package structure. The reaction between titanium and rare-earth oxides, which occurs during the heat treatment, is followed by the formation of pyrochlore particles. To increase the proportion of the introduced substance, the impregnation and heat treatment procedure are repeated five times. The temperature of T = 900 °C, at which the shape of silicon dioxide spheres is not distorted, is enough for the reaction of titanate obtainment. Up to a percolation threshold, the maximum size of the introduced particles is limited by the void size of ~60 nm.



The structure of the nanocomposite with the Yb2Ti2O7 titanate nanoparticles was obtained by using an FEI Quanta-200 Pegasus scanning electron microscope at an accelerating voltage of 20 kV and a magnification of ×50,000. X-ray phase analysis was performed on a DRON-3M diffractometer in CuKα radiation, with a flat graphite monochromator. The sample was rotated either stepwise with a step of 0.02° or continuously at a rate of 1° per min.



The electrical resistance of the nanocomposites was measured. The electrical resistivity of the nanocomposites at the direct current was found to be very high, exceeding 2.5 × 107 Ω·cm. Thus, the percolation threshold was not exceeded.



Magnetic measurements were performed on a PPMS-9 setup by Quantum Design. This equipment is designed to measure physical properties such as the magnetic moment, AC susceptibility, etc. The magnetometer has static and dynamic (0.01–10,000 Hz) modes of measurement. The magnetic moment and AC susceptibility can be explored as a function of the temperature, external magnetic field, and frequency. In this work, magnetization curves were measured in the magnetic fields up to 30 kOe at the temperatures 2.5, 4, and 10 K. The temperature dependences of the magnetic moment of the sample were measured at temperatures from 2 to 200 K in fields of different strengths. The AC Measurement System (ACMS II) utilizes a mutual induction-based technique to determine the real and imaginary parts of the dynamic (AC) susceptibility. The frequency dependences of the AC susceptibility were measured in the frequency range from 10 Hz to 10 kHz at the temperatures of 4 and 10 K. The exploration of AC susceptibility as a function of the magnetic field strength was carried out in the DC field up to 30 kOe at the temperatures of 4 and 10 K upon the magnitude of the AC magnetic field of 7 Oe, the AC magnetic field being in parallel with the DC magnetic field.




3. Results


3.1. Sample Characterization


The characterization of the nanocomposite was performed by scanning electron microscopy and X-ray phase analysis. Figure 2a shows the structure of the studied nanocomposite with the Yb2Ti2O7 titanate nanoparticles.



The introduced substance is contained in the interspherical voids and partially envelops the submicron SiO2 spheres. The particles of the ytterbium titanate in the interspherical voids have an irregular shape. Their sizes in an undamaged sample do not exceed 60 nm. The open-source Gwyddion software, version 2.56, Czech Metrology Institute, Jihlava, Czech is used to determine an average size of introduced particles, as well as to appreciate a standard deviation. As a result, the mean size of ytterbium titanate particles turned out to be 30 nm, the standard deviation being σ = 18 nm. Due to the fivefold repetition of the impregnation and heat treatment procedures, several particles may form in one void. The volume fraction of the titanate particles in the nanocomposites of about 13 ± 3 vol.% was estimated from the energy dispersive analysis data by using an EDAX instrument.



The results of the X-ray phase analysis show that the particles consist of Yb2Ti2O7—cubic system, sp. gr.   F d −  3 ¯  m   (17-0454)—and TiO2 (rutile)—tetragonal system, sp. gr. P42/mnm (89–4920). Figure 2b shows the X-ray diffraction pattern of the nanocomposite. The smeared maximum near the angles 20°–22° refers to the X-ray amorphous SiO2 matrix. The maxima in the range from 27.77° to 61.8° are due to the presence of the introduced substance—ytterbium titanate and titanium oxide. The X-ray characteristics of the nanocomposite sample are given in Table 1.




3.2. Magnetic Properties


3.2.1. DC Susceptibility


The shape of the magnetization curves of the nanocomposite with the ytterbium titanate particles is typical for nanocomposites with titanate pyrochlore particles [19]. They are shown in Figure 3. Even at the low temperatures of 2–2.5 K, full magnetic saturation is not achieved, and at the temperatures above 10 K in this range of the fields, the magnetization curves are close to a linear function. In earlier studies devoted to the investigation of the magnetic properties of titanates with a pyrochlore structure, the nanocomposite based on an opal matrix with ytterbium titanate particles was shown to have a hysteresis loop, consequently having a magnetic ordering [19]. The bulk sample of the ytterbium titanate has no hysteresis and thus no signs of magnetic ordering [14,25].



Figure 4 shows the temperature dependences of the magnetization for the nanocomposite sample, measured in fields of different strengths. These dependences are analyzed in order to determine the Curie–Weiss temperature, as well as to find the correspondence of the temperature dependences to the Curie–Weiss law. For this purpose, the temperature dependences of the inverse magnetic susceptibility are plotted. These dependences for the nanocomposite are shown in Figure 5a,b.



Figure 5c shows the temperature dependence of the inverse susceptibility for the bulk sample pressed from ytterbium titanate powder. One can see that the Curie–Weiss law for the bulk titanate is approximately fulfilled in the temperature range from 2 to 12 K. The Curie–Weiss temperature value, θCW ≈ 0.7 K, is comparable to the one known from the literature [14]. In contrast to the bulk titanate, for nanocomposite samples, there are very pronounced deviations from the Curie–Weiss law, even upon measurements in fairly strong fields of 10 kOe (Figure 5a) and 3 kOe (Figure 5b). The dependences measured during cooling and heating almost coincide, so there is no temperature hysteresis in the susceptibility.




3.2.2. AC Susceptibility (Frequency Dependence)


The frequency dependences of the AC susceptibility were examined in order to study the dispersion of the susceptibility and subsequently determine the magnetic relaxation times. These dependences were measured in the range from 10 Hz to 10 kHz at the AC magnetic field amplitude of 7 Oe.



The dependences of the real part of the susceptibility, measured at the temperatures 4 and 10 K, are shown in Figure 6a. The susceptibility dispersion is seen to be more pronounced for low frequencies f < 100 Hz. Figure 6b shows the variation in the real and imaginary parts of the AC susceptibility at T = 4 K. While increasing the frequency, the real part of the susceptibility χ′ decreases, and the imaginary χ″ has a maximum; after that, it decreases. Figure 7 shows the Argand diagram, i.e., the dependence χ″(χ′) obtained upon the frequency variation.




3.2.3. AC Susceptibility (Field Dependence)


In addition to the frequency dependences, the magnetic field dependences of the AC susceptibility were measured. The measurement results at the frequencies of 10 Hz and 10 kHz at the temperatures 4 and 10 K are shown in Figure 8. While increasing the magnetic field strength, χ′ is seen to decrease.






4. Discussion


The temperature dependence of the bulk powder samples of ytterbium titanate is explored in [14]. There, the Curie–Weiss law was found to be fulfilled very accurately in the temperature range from 3 to 12 K. Below 3 K, there is a slight deviation from the Curie–Weiss law. The Curie–Weiss temperature turned out to be θCW ≈ 0.8 K, which is comparable to our results on the powder-pressed bulk sample. The temperature dependence of the magnetic susceptibility for the powder-pressed Yb2Ti2O7 is analyzed in [16]. In this work, several models with an anisotropic tensor g and isotropic/anisotropic interionic coupling are considered. The model with anisotropic interionic coupling is turned out to fit better with the experimental data. In [6], the temperature dependence of the product χ⋅T is analyzed. In this titanate, the superexchange between the nearest Yb3+ ions is concluded to predominate over the magnetic dipole interaction. Note that for bulk powder samples in a wider temperature range up to 300 K, a significant deviation from the Curie–Weiss law is recorded [25,26].



Our data on the temperature dependence of the magnetic susceptibility of the nanocomposite ytterbium titanate indicate a very significant deviation from the Curie–Weiss law. We exclude an influence of an opal matrix on the run of temperature dependence, since the magnetic susceptibility of an empty opal matrix is shown not to exceed 7 × 10−7 cm3/g. It is possible that these deviations are related to the magnetic ordering of the nanocomposite ytterbium titanate found in [19]. While changing the temperature, in particular, such a characteristic of the magnetic state as the coercive force changes.



Let us now discuss the results of the measurement of the AC susceptibility. The frequency dependence of the complex AC susceptibility is considered in the Cole–Cole model, in which the response of the system is described by oscillations of a system of oscillators [21]. For a system of K oscillators, the frequency distribution of oscillators with average frequenciesνk = 1/τk, where τk is the spin relaxation time associated with the kth oscillator and the relative width of the frequency distribution αk, is introduced. The frequency dependence    χ ˙   ω    is calculated by Formula (1):


    χ ˙   ω  =   ∑  k = 1  K      χ k ∞  +    χ k 0  −  χ k ∞    1 +     i ω  τ k      1 −  α k            0 ≤  α k  < 1 ,   



(1)




where ω = 2πf is the angular frequency,      χ k 0    is the magnetic susceptibility at ω→0,      χ k ∞    is the adiabatic magnetic susceptibility in the high-frequency limit. In the case of one oscillator, and upon αk = 0, the Debye formula is obtained. In this case, the diagram that is expressive of the dependence of χ″(χ′) looks like a semicircle.



The measurement results of the frequency dependence of the AC susceptibility shown in Figure 6 are approximated using Formula (1). This procedure is the least mean square data fitting by varying the parameter sets      χ k 0   ,      χ k ∞   ,    α k   , and    τ k   , when K equals 1 or 2. The results of the fitting are given in Figure 9. The two-relaxation-times model describes the experimental data more exactly than the one-relaxation-time model.



Therefore, two spin relaxation times are found to be required to describe the system response. At the temperature of 4 K, these values are equal: τ1 = 3.44 × 10−5 s and τ2 = 3.85 × 10−3 s, in accordance with the results of [20]. Similarly, at the temperature of 10 K, these values are τ1 = 3.60 × 10−5 s and τ2 = 3.65 × 10−3 s. Therefore, two relaxation times are shown to be required to describe the frequency dependence of the susceptibility at the temperatures of 4 K and 10 K. These relaxation times, determined at such high temperatures, are assumed to be in no way related to the spin ice state. The parameters αk for the nanocomposite ytterbium titanate have the values αk << 1, so two harmonic oscillators with a narrow frequency spectrum are enough to describe the frequency dependence.



Figure 10 shows the χ″(χ′) dependence on which the experimental data from Figure 7 are marked with symbols, and two semicircles with the centers on the abscissa axis at the points      χ  01  ′    = 0.3227 and      χ  02  ′    = 0.331 are plotted. Of course, the representation of the χ″(χ′) dependence in the view of two semicircles is only qualitatively similar to the experimental data. This is especially true for the measured data at the low frequencies. They can be obtained with an error because the mass of the introduced substance in the nanocomposite is small. Figure 10 proves that it is not enough to use Formula (1) with one oscillator to describe the frequency dependence of the AC susceptibility of the composite with the Yb2Ti2O7 particles. At the same time, an approximate description in a model with at least two oscillators is possible.



To describe the field dependences of the AC susceptibility for the rare-earth titanates, a modified Cole–Cole formula that is similar in structure to Formula (1) is proposed in [22]:


  χ  H  =  χ ′   H  − i  χ ″   H  =  χ ∞  +    χ 0  −  χ ∞    1 +     i  H   H r        1 − α     ,  



(2)




where    χ 0    is the AC susceptibility at   H → 0  , and    χ ∞    is the AC susceptibility at   H → ∞  . The difference    χ 0  −  χ ∞    determines the variation in the complex susceptibility in the magnetic field. In (2), a certain characteristic field of the field dependence of the susceptibility Hr is introduced. The physical meaning of the field Hr is as follows. At α = 0, the real part of the susceptibility, which depends on the magnetic field, decreases by a factor of two compared to the value at H = 0. From Formula (2), for the field dependence of the real part of the AC susceptibility, one can obtain


   χ ′  =    χ 0    1 +      H   H r        1 − a   cos    π 2    1 − a          D x    ,  



(3)




where


   D x  =     1 +      H   H r        1 − a   cos    π 2  ( 1 − a )      2  +          H   H r        1 − a   sin    π 2    1 − a   sgn    H   H r           2  .  











Upon α = 0, Formula (3) is simplified:


   χ ′  =    χ 0    1 +      H   H r       2    ,  



(4)







In [22], Formulas (3) and (4) are found to describe a field dependence of the real part of the AC susceptibility of several nanocomposite rare-earth titanates—in particular, those with Gd2Ti2O7, Yb2Ti2O7, Dy2Ti2O7, Dy2TiSiO7, Er2Ti2O7, and Sm2Ti2O7 particles. In [22], composites with Gd2Ti2O7, Dy2Ti2O7, and Dy2TiSiO7 particles are studied in most detail. In this work, an approximation by Formula (2) for the nanocomposite with Yb2Ti2O7 particles will be performed. Let us consider the experimental results for the frequency of f = 10 kHz, shown in Figure 8. Figure 11 shows their approximation by Formula (3). The approximated dependences are seen to match exactly with the experimental data. At the temperature T = 4 K, the value of the field Hr turned out to be 17 kOe, and at the temperature T = 10 K, Hr = 64 kOe. The trend of increasing the characteristic field Hr while increasing the temperature, noted in [22], is confirmed in our study of the nanocomposite with the Yb2Ti2O7 particles.




5. Conclusions


The magnetic properties of the nanocomposite with Yb2Ti2O7 titanate particles with the pyrochlore structure have been investigated. The nanocomposite is prepared based on the artificial opal matrix with the introduced titanate particles. The magnetization curves and temperature dependences of the magnetization have been measured for the different values of the magnetic field strength. The temperature dependence of the nanocomposite susceptibility has been shown not to satisfy the Curie–Weiss law. At temperatures below 150 K, significant deviation from the Curie–Weiss law is observed. The probable reason for the deviations from this law is concerned with the magnetic ordering in the nanocomposite samples.



The AC susceptibility of the nanocomposite has been explored in the frequency range from 10 Hz to 10 kHz. The frequency dependence of the real part of the complex magnetic susceptibility has been found to satisfy a model consisting of two oscillators with two relaxation times, since the one-relaxation-time model fairly describes the experimentally obtained frequency dependences of the AC susceptibility only in the frequency range from 800 Hz to 10,000Hz, whereas the two-relaxation-time model effectively describes these dependences in the whole chosen frequency range from 10 Hz to 10 kHz. The spin relaxation times corresponding to these oscillators have been determined. The fact that, at T = 4 and 10 K, two relaxation times are required to describe the frequency dependence of the AC susceptibility indicates that these relaxation processes are not related to the spin ice state. In the fields up to 30 kOe, the magnetic field dependence of the real part of the complex magnetic susceptibility of the nanocomposite has been measured. The field dependence of the AC susceptibility has been found to be described by the modified Cole–Cole formula. The characteristic field Hr, upon which the real part of the susceptibility decreases by a factor of two compared to the value at H = 0, has been calculated. At the temperature T = 4 K, the value of the field Hr turned out to be 17 kOe, and at the temperature T = 10 K, Hr = 64 kOe. Therefore, the characteristic field of this dependence increases while the temperature increases.



In general, considering the run of the magnetization curves, the temperature dependences of the DC susceptibility, and the frequency dependence of the AC susceptibility, we can conclude that the studied magnetic properties of the nanocomposite ytterbium titanate do not provide arguments in favor of the existence of quantum spin ice in this composite at low temperatures. Taking into account the results of [19], they are rather consistent with the idea of a nanocomposite in which magnetic ordering close to ferromagnetic ordering is realized.
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Figure 1. Schematic representation of the arrangement of spins of Yb3+ ions in the crystal lattice of Yb2Ti2O7 titanate with the pyrochlore structure. 
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Figure 2. (a) Structure of the nanocomposite with the Yb2Ti2O7 titanate particles, obtained by using a Quanta-200 scanning electron microscope at an accelerating voltage of 20 kV and a magnification of ×50,000; (b) X-ray diffraction pattern of the nanocomposite with the Yb2Ti2O7 titanate particles. 
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Figure 3. Magnetization curves of the nanocomposite with the ytterbium titanate particles, measured at several temperatures. 
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Figure 4. Temperature dependences of the magnetization for the nanocomposite sample, measured in fields of different strengths. 
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Figure 5. Temperature dependences of the inverse magnetic susceptibility: (a) for the nanocomposite sample measured in the field of 10 kOe; (b) for the nanocomposite sample measured in the field of 3 kOe; (c) for the bulk sample measured in the field of 0.3 kOe. 
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Figure 6. Frequency dependences of the AC susceptibility for the composite: (a) measurement of the real part of the susceptibility at 4 and 10 K; (b) measurement of the real and imaginary parts of the susceptibility at 4 K. 
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Figure 7. Argand diagram plotted at T = 4 K for the AC susceptibility of the composite with the ytterbium titanate particles. 
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Figure 8. Magnetic field dependences of the real part of the AC susceptibility for the nanocomposite with the ytterbium particles. 
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Figure 9. Results of the fitting of the frequency dependency of dynamic AC susceptibility for the nanocomposite with the ytterbium particles. 
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Figure 10. Argand diagram for the χ″(χ′) dependence. Symbols are the experiment; semicircles are the calculation. The centers of the semicircles are at the points with the coordinates (0.3227; 0) and (0.331; 0). 
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Figure 11. Approximation of the field dependences of the real part of the AC susceptibility of the nanocomposite titanate with the Yb2Ti2O7 particles, measured at the frequency f = 10 kHz at the temperatures T = 4 K and 10 K. 
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Table 1. X-ray data.






Table 1. X-ray data.





	
No

	
Experimental Data

	
ICDD PDF-2 Data for Yb2Ti2O7, TiO2 (Rutile)




	
Intensity arb.un

	
Intensity%

	
Bragg Angle

2θ°

	
Half-Width of the Peak°

	
Interplanar Distance

d. Å

	
Yb2Ti2O7—Cubic System. sp. gr.    F d −  3 ¯  m ( 17 - 0454 )   

	
TiO2 (Rutile)—Tetragonal Syngony. sp. gr. P42/mnm (89-4920)




	
d. Å

	
hkl

	
I%

	
d. Å

	
hkl

	
I%






	
1

	
14.94

	
18

	
27.773

	
0.127

	
3.2092

	

	

	

	
3.2413

	
110

	
100




	
2

	
81.43

	
100

	
31.295

	
0.435

	
2.8556

	
2.8900

	
222

	
100

	

	

	




	
3

	
16.57

	
20

	
32.989

	
0.435

	
2.7127

	

	

	

	

	

	




	
4

	
12.32

	
15

	
35.618

	
0.429

	
2.5183

	
2.5000

	
400

	
80

	

	

	




	
5

	
28.33

	
35

	
36.303

	
0.429

	
2.4723

	

	

	

	
2.4824

	
101

	
44.1




	
6

	
49.70

	
61

	
51.994

	
0.662

	
1.7571

	
1.7720

	
440

	
100

	

	

	




	
7

	
21.40

	
26

	
54.489

	
0.662

	
1.6824

	
1.6940

	
531

	
40

	
1.6840

	
211

	
44.7




	
8

	
33.52

	
41

	
61.803

	
0.647

	
1.4997

	
1.5110

	
622

	
100
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