Condensed Matter Physics, 2012, Vol. 15, No 3, 33701: 1–6 DOI: 10.5488/CMP.15.33701 http://www.icmp.lviv.ua/journal

Investigations of the g factors and local structure for orthorhombic Cu^{2+}(1) site in fresh PrBa_2Cu_3O_{6+x} powders

M.Q. Kuang^{∗ 1}, S.Y. Wu^{1,2}, B.T. Song^1, X.F. Hu^1

1 Department of Applied Physics, University of Electronic Science and Technology of China, Chengdu 610054, P.R.China 2 International Centre for Materials Physics, Chinese Academy of Science, Shenyang 110016, P.R.China

Received November 28, 2011, in final form February 16, 2012

The electron paramagnetic resonance (EPR) g factors gx , g y and gz of the orthorhombic Cu2+(1) site in fresh PrBa2Cu3O6+x powders are theoretically investigated using the perturbation formulas of the g factors for a 3d 9 ion under orthorhombically elongated octahedra. The local orthorhombic distortion around the Cu2+(1) site due to the Jahn-Teller effect is described by the orthorhombic field parameters from the superposition model. The [CuO6]10− complex is found to experience an axial elongation of about 0.04 Å along c axis and the relative bond length variation of about 0.09 Å along a and b axes of the Jahn-Teller nature. The theoretical results of the g factors based on the above local structure are in reasonable agreement with the experimental data.

Key words: crystal fields and Hamiltonians, electron paramagnetic resonance, Cu2+, PrBa2Cu3O6+x

PACS: 71.70.Ch, 74.25.Nf, 74.72.Bk

1. Introduction

PrBa_2Cu_3O_{6+x} (Pr123) compounds are useful materials with anomalous resistive and magnetic [1], vortex [2, 3], friction [4], structural [5] and superconductive [6] properties and have attracted extensive interest of researchers. These properties are largely related to the local structure and electronic behaviours near the Cu^{2+} site, which can be investigated by means of the electron paramagnetic resonance (EPR) technique. For example, EPR experiments were carried out for fresh PrBa_2Cu_3O_{6+x} powders, and the anisotropic g factors g_x , g_y and g_z were also measured for the Cu^{2+}(1) site [7]. Until now, however, the above experimental results have not been quantitatively interpreted, and the local structure around the Cu^{2+}(1) site is not determined, either. Since the electronic properties and the local structure of the paramagnetic Cu^{2+} as well as the microscopic mechanisms of its EPR spectra would be helpful in understanding the properties of the Pr123 systems, further theoretical investigations on the g factors and the local structure of the Cu^{2+}(1) site for the fresh PrBa_2Cu_3O_{6+x} powders are of fundamental and practical significance. In this work, the g factors and the local structure of the fresh PrBa_2Cu_3O_{6+x} powders are theoretically studied using the high order perturbation formulas of the g factors for a 3d^9 ion in an orthorhombically elongated octahedron. In the calculations, the local orthorhombic distortion of the Cu^{2+}(1) site is quantitatively involved from the superposition model in view of the Jahn-Teller effect.

∗E-mail: mqkuang@yeah.net

© M.Q. Kuang, S.Y. Wu, B.T. Song, X.F. Hu, 2012 33701-1

2. Calculation

In the orthorhombic phase of PrBa_2Cu_3O_{6+x} , the Cu^{2+}(1) site belonging to orthorhombic point symmetry (D_2) has six nearest neighbour oxygen ligands, which construct a distorted octahedron with the approximately mutually vertical Cu–O bonds of the average (or reference) distance R ( ≈ 1.917 Å [8]). As a Jahn-Teller ion, Cu^{2+} can suffer the Jahn-Teller effect via relaxation and compression of the Cu–O bonds parallel with and perpendicular to the c axis in terms of the relative axial elongation ΔZ . Meanwhile, the planar Cu–O bonds may suffer another relative bond length variation ΔX along a and b axes. Thus, the local structure of the orthorhombic Cu^{2+}(1) site in the fresh PrBa_2Cu_3O_{6+x} powders can be characterized by axial elongation ΔZ and the perpendicular bond length variation ΔX (see figure 1).

For a Cu^{2+}(3d^9) ion in an orthorhombically elongated octahedron, the original cubic ground orbital doublet^2E_g may split into two orbital singlets^2 A_{1g} and^2 A^′_{1g} , with the latter lying lowest. Nevertheless, the upper cubic orbital triplet^2T_{2g} can be separated into three orbital singlets^2B_{1g} ,^2B_{2g} and^2B_{3g} [9]. The high order perturbation formulas of the g factors for an orthorhombically elongated octahedron can be expressed as follows [10]:

g_x = g_s + 2k ζ E_2

+ kζ^2 [ 2 E_1E_2 − 1 E_2E_3 − 4 E_1E_3 ] + g_sζ^2 [ 2 E^2_1 − 1 2E^2 + 1 2E^2_3 ]

− kζ^3

(_1

E_2 − 1 E_3

)(_1

E_3 + 1 E_2 ) 2E_1 + (_2

E_1 − 1 E_2

)(_2

E_1 + 1 E_2 ) 2E_3 − 1 E_2 − 1 E_3

2E_2E_4

+ g_sζ^3 4 1 E_3 − 2 E_1

E^2 + 2 E_3 − 1 E_2

E^2_3 + 2 1 E_2 − 1 E_3

E^2_1 + 2 1 E^2 − 1 E^2_3

E_1 ,

g_y = g_s + 2k ζ E_3

+ kζ^2

[_2

E_1 − 1 E_2

E_3 − 4 E_1E_2 ] + g_s ζ^2 [ 2 E^2_1 − 1 2E^2_3 + 1 2E^2 ]

+ kζ^3

(_1

E_2 − 1 E_3

)(_1

E_3 + 1 E_2 ) 2E_1 + (_2

E_1 − 1 E_3

)(_2

E_1 + 1 E_3 ) 2E_2 − 1 E_3 − 1 E_2

2E_3E_4

+ g_sζ^3 4 1 E_2 − 2 E_1

E^2_3 + 2 E_2 − 1 E_3

E^2 + 2 1 E_3 − 1 E_2

E^2_1 + 2 1 E^2_3 − 1 E^2

E_1 ,

g_z = g_s + 8k ζ E_1

+ kζ^2 [ 1 E_2E_3 + 2 ( 1 E_1E_2 + 1 E_1E_3 )] − g_sζ^2 1 E^2_1 − 1 E^2 + 1 E^2_3 4 + kζ^3 8 E_1 − 1 E_2 − 1 E_3

2E_2E_3

− 2kζ^3 1 E_1E_2 + 1 E_1E_3 − 1 E_2E_3

E_1 + g_sζ^3 4 2 1 E^2 + 1 E^2_3

E_1 − 1 E_2 + 1 E_3

E_2E_3

. (1)

Here g_s( ≈ 2.0023) is the spin-only value. k is the orbital reduction factor, and ζ is the spin-orbit coupling coefficient of the 3d^9 ion in crystals. The denominators E_i (i = 1−3) are the separations between the excited^2B_{1g} ,^2B_{2g} and^2B_{3g} and the ground^2 A^′_{1g} states, which can be obtained in terms of the cubic field parameter D_q and the orthorhombic field parameters D_s , D_t , D_ξ and D_η as [10]:

E_1 = 10D_q , E_2 = 10D_q − 3D_s + 5D_t + 3D_ξ − 4D_η , E_3 = 10D_q − 3D_s + 5D_t − 3D_ξ + 4D_η . (2)

As mentioned before, the orthorhombic distortion of the Cu^{2+}(1) site may be described as the reference distance R as well as the relative axial elongation ΔZ and the planar bond length variation ΔX .

33701-2

Investigations of the g factors for fresh PrBa2Cu3O6+x powders

Figure 1. The local structure of the Cu2+(1) site in the fresh PrBa2Cu3O6+x powders. The local Cu–O bond lengths Ri are described as the reference distance R in terms of the relative axial elongation ΔZ and the planar bond length variation ΔX .

Thus, the Cu–O bond lengths along a, b and c axes are expressed as: R_1 = R −ΔZ +ΔX , R_2 = R −ΔZ −ΔX and R_3 = R +2ΔZ , respectively (see figure 1). This means that the Cu–O bonds suffer a relative elongation and compression of 2ΔZ and ΔZ along c and a (or b) axes, respectively. Meanwhile, the planar Cu–O bonds undergo an additional relative bond length variation of ΔX along a and b axes.

Usually, the crystal-field parameters can be determined from the superposition model which has been extensively adopted for transition-metal ions in crystals [11]. Moreover, this model can also be used for powder or polycrystal systems (e.g., the superposition model analysis of the EPR spectra for Fe^{3+} modified polycrystalline PbTiO_3 [12] and PbZrO_3 [13] and Eu^{2+} in polycrystalline A zeolite [14]) and may be suitably applied to the fresh PrBa_2Cu_3O_{6+x} powders studied here. From the local geometry and the superposition model [11], the orthorhombic field parameters can be determined as follows:

D_s ≈ −2A_2 [ (R/R_1)^{t2} + (R/R_2)^{t2} − 2(R/R_3)^{t2} ]/ 7, D_ξ ≈ 2A_2 [ (R/R_1)^{t2} − (R/R_2)^{t2} ]/ 7, D_t ≈ 8A_4 [ 2(R/R_3)^{t4} − (R/R_1)^{t4} − (R/R_2)^{t4} ]/ 21, D_η ≈ 5A_4 [ (R/R_1)^{t4} − (R/R_2)^{t4} ]/ 21. (3)

It is noted that the angular dependence is reduced due to the Cu–O bond angles (0, π/2 and π related to Z axis and 0, π/2, π and 3π/2 related to X axis) and thus only the bond lengths R_i are reserved in the above formulas. Here t_2 ≈ 3 and t_4 ≈ 5 are the power-law exponents [11] and they are the intrinsic parameters. For 3d^n ions in octahedra, the relationships A_4 ≈ 3D_q /4 and A_2 ≈ 10.8A_4 [11, 15, 16] were proved to be valid for many crystals and are suitably adopted here. Thus, the g factors (especially the axial anisotropy Δg = g_z −(g_x +g_y )/2 and the perpendicular anisotropy δg = g_x −g_y ) are correlated with the orthorhombic field parameters and hence with the local structure of the system studied.

From the optical spectra for Cu^{2+} in some oxides [17], the spectral parameters D_q ≈ 1400 cm^{−1} and k ≈ 0.77 are obtained for the Cu^{2+} center in the fresh PrBa_2Cu_3O_{6+x} powders here. The spin-orbit coupling coefficient is usually expressed as ζ ≈ kζ_0 , where ζ_0(≈ 829 cm^{−1} [18]) is the corresponding freeion value. Substituting these values into equation (1) and fitting the calculated g factors (especially the anisotropies) to the experimental data, one can determine the local axial elongation and the planar bond length variation:

ΔZ ≈ 0.04 Å and ΔX ≈ 0.09 Å. (4)

The corresponding theoretical g factors are shown in table 1.

33701-3

Table 1. The anisotropic g factors for the Cu2+(1) site in the fresh PrBa2Cu3O6+x powders.

g_x g_y g_z Δg δg C al. 2.056 2.088 2.224 0.152 0.032 Expt. [7] 2.050(4) 2.094(4) 2.222(4) 0.15(8) 0.044(8)

3. Discussion

Table 1 reveals that the theoretical g factors and the anisotropies for the fresh PrBa_2Cu_3O_{6+x} powders based on the local structural parameters ΔZ and ΔX are in good agreement with the experimental data. Therefore, the EPR spectra are satisfactorily interpreted for the fresh PrBa_2Cu_3O_{6+x} powders in this work.

The EPR g factors of the fresh PrBa_2Cu_3O_{6+x} powders can be characterized by the axial and perpendicular anisotropies Δg ( ≈ 0.15) and δg ( ≈ 0.044), which are ascribed to the local axial elongation ΔZ (≈ 0.04 Å) and the planar bond length variation ΔX ( ≈ 0.09 Å), respectively. Thus, the Cu^{2+}(1) site exhibits a moderate orthorhombic distortion of the Jahn-Teller nature. Similar axial elongations and planar bond length variations due to the Jahn-Teller effect were also found for some Jahn-Teller ions (e.g., Cr^{5+} and Ti^{3+} with the same spin S = 1/2) in oxygen octahedra [19, 20]. It seems that Cu^{2+} prefers to exhibit elongation distortions (i.e., orthorhombically elongated octahedra) under oxygen environments.

There are some errors in the above calculations. First, the approximations of the theoretical model and formulas may bring about some errors in this work. Second, the errors also arise from the approximation of the relationship A_2(R) ≈ 10.8A_4(R) [11, 15, 16], which would somewhat affect the orthorhombic field parameters and the final results. The errors for the local structural parameters ΔZ and ΔX are estimated to be no more than 1% as the ratio A_2(R)/A_4(R) changes by 10%. Third, the present calculations are based on the conventional crystal-field model containing only the central ion orbital and spin-orbit coupling contributions, while the ligand orbital and spin-orbit coupling contributions are not taken into account. Fortunately, although the studied system has some covalency (characterized by the covalency factor N ≈ 0.77 < 1), the spin-orbit coupling coefficient ( ≈ 151 cm^{−1} [21]) of the ligand O^{2−} is much smaller than that ( ≈ 829 cm^{−1} [18]) of Cu^{2+}. According to various EPR studies for Cu^{2+} under oxygen octahedra [22–24], the ligand contributions to the g factors may be very small and negligible. So, the present theoretical calculations can be regarded as reasonable. Moreover, the investigations in this work would be helpful in carrying out structural and magnetic studies on PrBa_2Cu_3O_{6+x} superconductors as well as applicable to other similar R123 systems.

Acknowledgements

This work was supported by “the Fundamental Research Funds for the Central Universities”.

33701-4

Investigations of the g factors for fresh PrBa2Cu3O6+x powders

References

1. Hagiwara M., Shima T., Tanaka S., Koyama K., Physica C, 2010, 470, S65; doi:10.1016/j.physc.2009.11.158. 2. Yu J., Jin W.T., Zhao Y., Zhang H., Physica C, 2009, 469, 967; doi:10.1016/j.physc.2009.05.119. 3. Takamura M., Mukaida M., Horii S., Ichinose A., Kita R., Namba M., Awaji S., Watanabe K., Matsumoto K., Yoshida Y., IEEE Trans. Appl. Supercond., 2009, 19, 3499; doi:10.1109/TASC.2009.2019552.

4. Zhang L., Ying X.N., Yuan Y.H., Physica C, 2011, 471, 62; doi:10.1016/j.physc.2010.11.009. 5. Sehab N., Harat A., Benaldjia A., Amara A., Guerioune M., Fillion G., Vrel D., Langlois P., Int. J. Self Propag. High Temp. Synth., 2009, 18, 235; doi:10.3103/S1061386209040025.

6. Calamiotou M., Gantis A., Margiolaki I., Palles D., Siranidi E., Liarokapis E., J. Phys. Condens. Matter, 2008, 20, 395224; doi:10.1088/0953-8984/20/39/395224.

7. Likodimos V., Guskos N, Palios N., Koufoudakis A., Typek J., Bojanowski B, Wabia M., Phys. Rev. B, 1995, 52, 7682;

doi:10.1103/PhysRevB.52.7682.

8. Ginsberg D.M., Physical Properties of High Temperature Superconductors II. World Scientific Publishing Co. Pte.

Ltd., Singapore, 1990.

9. Abragam A., Bleaney B., Electron Paramagnetic Resonance of Transition Ions. Oxford University Press, London, 1970.

10. Zheng W.C., Wu S.Y., Z. Naturforsch. A: Phys. Sci., 2000, 55, 915. 11. Newman D.J., Price D.C., Runciman W.A., Am. Mineral., 1978, 63, 1278.

12. Meštrić H., Eichel R.A., Kloss T., Dinse K.P., Laubach So., Laubach St., Schmidt P.C., Schönau K.A., Knapp M., Ehrenberg H., Phys. Rev. B, 2005, 71, 134109; doi:10.1103/PhysRevB.71.134109.

13. Meštrić H., Eichel R.A., Dinse K.P., Ozaroswski A., Tol J.V., Brunel L.C., Kungl H., Hoffmann M.J., Schönau K.A., Knapp M., Fuess H., Phys. Rev. B, 2006, 73, 184105; doi:10.1103/PhysRevB.73.184105.

14. Iton L.E., Brodbeck C.M., Suib S.L., Stucky G.D., J. Chem. Phys., 1983, 79, 1185; doi:10.1063/1.445922. 15. Edgar A., J. Phys. C, 1976, 9, 4303; doi:10.1088/0022-3719/9/23/015. 16. Yang Z.Y., J. Phys. Condens. Matter, 2000, 12, 4091; doi:10.1088/0953-8984/12/17/314. 17. Chakravarty A.S., Introduction to the Magnetic Properties of Solids. John Wiley & Sons Inc. Press, New York, 1980. 18. Griffith J.S., The Theory of Transition-Metal Ions. Cambridge University Press, London, 1964. 19. Macfarlane R.M., Wong J.Y., Sturge M.D., Phys. Rev., 1968, 166, 250; doi:10.1103/PhysRev.166.250. 20. Tregenna-Piggott P.L.W., O’Brien M.C.M., Pilbrow J.R., Gudel H.U., Best S.P., Noble C., J. Chem. Phys., 1997, 107, 8257; doi:10.1063/1.475029.

21. Hodgson E.K., Fridovich I., Biochem. Biophys. Res. Commun., 1973, 54, 270; doi:10.1016/0006-291X(73)90918-2. 22. Huang P., Ping H., Zhao M.G., J. Phys. Chem. Solids, 2003, 64, 523; doi:10.1016/S0022-3697(02)00277-9. 23. Wei W.H., Wu S.Y., Dong H.N., Z. Naturforsch. A: Phys. Sci., 2005, 60, 541. 24. Dong H.N., Wu S.Y., Li P., Phys. Status Solidi B, 2004, 241, 1935; doi:10.1002/pssb.200402033.

33701-5

Дослiдження g факторiв i локальної структури орторомбiчного вузла в чистому порошку PrBa_2Cu_3O_{6+x}

М.К. Куанг^1, С.Й. Ву^{1,2}, Б.Т. Сонг^1, Х.Ф. Ху^1

1 Кафедра прикладної фiзики, Китайський унiверситет електронiки та технологiй, Ченду 610054, КНР 2 Мiжнародний центр фiзики матерiалiв, Академiя наук Китаю, Шеньян 110016, КНР

g фактори gx , g y i gz електронного парамагнiтного резонансу для орторомбiчного вузла Cu2+(1) в чистому порошку PrBa2Cu3O6+x теоретично дослiджуються, використовуючи формалiзм теорiї збурень для цих параметрiв для 3d 9 iона в орторомбiчному видовженому октаедрii. Локальна орторомбiчна дисторцiя навколо вузла Cu2+(1), спричинена ефектом Яна-Теллера, описується за допомогою параметрiв орторомбiчного поля iз суперпозицiйної моделi. Знайдено, що комплекс [CuO6]10− пiддається аксiальному видовженню близько 0.04 Å вздовж c осi i вiдносна змiна довжини зв’язку природи Яна-Теллера є приблизно 0.09 Å вздовж осей a i b. Теоретичнi результати для g факторiв, що базуються на вище згаданiй локальнiй структурi, непогано узгоджуються з експериментальними даними.

Ключовi слова: кристалiчнi поля i гамiльтонiани, електронний парамагнiтний резонанс, Cu2+, PrBa2Cu3O6+x

33701-6