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Abstract Kb-to-Ka X-ray intensity ratios of Fe and Ni in pure metals and in FexNi1⫺x alloys for different compositions x …x ˆ 0:20; 0.50, 0.58) have been measured following excitation by 59.54 keV g-rays from a 200 mCi 241Am point-source. For certain alloy compositions the Kb-to-Ka intensity ratios of Fe and Ni differ considerably from those obtained for the pure metals. The 3d electron populations of Fe and Ni have been estimated by comparing the measured Kb-to-Ka ratios with the results of multiconfiguration Dirac–Fock (MCDF) calculations. Our results for the 3d electron populations of solid iron and nickel agree reasonably well with the earlier results of band structure calculations. In the case of alloys significant changes in the 3d electron population of Fe and Ni are observed for certain alloy compositions. These changes can be explained by assuming rearrangement of electrons between 3d and (4s,4p) valence band states of the individual metal atoms. For the alloy composition x ˆ 0:2 the change in the 3d electron population of Ni is the largest and has the opposite direction than in the case of other two alloy compositions. The totally different valence electronic structure of Fe0.2Ni0.8 alloy seems to explain the special magnetic properties of this alloy. 䉷 2000 Elsevier Science Ltd. All rights reserved. Keywords: A. Alloys; D. Electronic structure; E. X-ray spectroscopy PACS: 32.30.Rj; 32.70.Fw



1. Introduction The magnetic material FexNi1⫺x alloy plays an important role in fundamental and applied research due to the rapid advance of magnetoelectronics [1,2]. Although many materials are spin polarized, because of the technical constraints few of them are actually used in practice. In particular, Permalloy, a member of a family of binary alloys FexNi1⫺x …x ˆ 0:2†; has an attractive combination of vanishingly small magnetostriction, low coercivity, and high permeability, which makes it the material of choice for magnetic recording media, sensors and nonvolatile magnetic random access memory while such attractive features are not observed for other alloy composition. For an understanding of spin polarization properties of FexNi1⫺x * Corresponding author. Tel.: ⫹91-674-581752; fax: ⫹91-674581142. E-mail address: [email protected] (H.C. Padhi).



alloy it is necessary to have a knowledge of the valence electronic structure of Fe and Ni in the alloy for different alloy compositions. Further, the electronic density of states (DOS) of 4s and 3d electrons at the Fermi surface plays an important role for a quantitative understanding of the phenomenon of transport spin polarization [3]. It is therefore very important to have a detailed knowledge of the electron population in 4s and 3d states of Fe and Ni in FexNi1⫺x alloy. The Kb-to-Ka ratio is an important physical parameter which is found to be quite sensitive to the valence electronic structure of 3d metals [4]. In earlier studies [5–22] it has been found that the Kb-to-Ka intensity ratio of 3d transition metal depends on the chemical/solid state environment. Several experiments have also been performed to study the influence of alloying effect [5–8] on the changes in the Kb-to-Ka intensity ratios of 3d transition metals. Because of the presence of the alien metal the change of alloy composition may cause a change in the 3d electron population of both the metals in the alloy as has been shown
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Fig. 1. A typical K X-ray spectrum of FexNi1⫺x alloy corresponding to the alloy composition x ˆ 0:5: In the figure (W) corresponds to experimental data; (···) corresponds to the fitted data and (- - -) corresponds to the fitted background.



for other alloys [5–8]; and the corresponding change of 3d electron population in the atom will modify the 3p orbitals more than the 2p orbitals resulting in a change of the Kb-toKa ratio. In order to understand as to why the alloy with x ˆ 0:2 in FexNi1⫺x is distinct as compared to other alloy compositions, we have undertaken in our present work a careful and detailed study on various FexNi1⫺x alloys including pure Fe and Ni. Our present study indicates appreciable deviations of the Kb-to-Ka ratios of Fe and Ni in certain alloy compositions from those obtained for the pure metals. The valence electronic structure of the Fe0.2Ni0.8 alloy is found to be totally different which perhaps explains the special magnetic properties of this alloy.



2. Experimental details The experiments were carried out using high purity alloys (in powder form) procured from Alpha, a Johnson Mathey



Company, UK. The powder material is pelletized into the size of 10 mm diameter and 3 mm thickness for final use in the experiments. The measurements were made for solid Fe, Ni and for FexNi1⫺x alloy with compositions x ˆ 0:2; 0.5 and 0.58. For these compositions the alloy crystallizes in the g(fcc) phase. The measurements were made using 59.54 keV g-rays from a 200 mCi 241Am point-source which ionize the target atoms. The emitted X-rays were detected by a 30 mm 2 × 3 mm thick Canberra Si(Li) detector having a 12.7 mm thick beryllium window. The resolution of the Si(Li) detector was ⬃165 eV (full width at half maximum (FWHM)) for a 5.9 keV X-ray peak. Details of the experimental arrangement can be found in an earlier paper by Bhuinya and Padhi [5]. Pulses from the Si(Li) detector preamplifier were fed to an ORTEC-572 spectroscopy amplifier and then recorded in a Canberra PC based Model S-100 multi-channel analyzer. The gain of the system was maintained at ⬃16 eV/channel. For each sample three separate measurements have been



S. Raj et al. / Solid State Communications 116 (2000) 563–567 Table 1 Experimental Kb/Ka X-ray intensity ratios for Fe and Ni in FexNi1⫺x alloys Composition (x)



0.0 0.2 0.5 0.58 1.0



Kb/Ka intensity ratios Fe



Ni



– 0.1326 ^ 0.0008 0.1321 ^ 0.0007 0.1309 ^ 0.0006 0.1307 ^ 0.0007



0.1346 ^ 0.0012 0.1314 ^ 0.0008 0.1371 ^ 0.0008 0.1386 ^ 0.0008 –



made just to see the consistency of the results obtained from different measurements. It was found that the results from different measurements agreed with a deviation of less than 1%. Finally, the data from different runs have been averaged out to determine the final Kb-to-Ka ratio. 3. Data analysis and corrections All the X-ray spectra were carefully analyzed with the help of a multi-Gaussian least-square fitting program [23] using a non-linear background subtraction. No low energy tail was included in the fitting as its contribution to the ratio was shown to the quite small [24]. The Kb-to-Ka intensity ratios were determined from the fitted peak areas after applying necessary corrections to the data. A typical K X-ray spectrum of FexNi1⫺x alloy corresponding to the alloy composition x ˆ 0:5 is shown in Fig. 1. Corrections to the measured ratios mainly come from the difference in the Ka and Kb self-attenuations in the sample, difference in the efficiency of the Si(Li) detector and air absorption on the path between the sample and the Si(Li) detector window. The efficiency of the detector is estimated theoretically as mentioned in a previous paper by Bhuinya and Padhi [5]. Our theoretically estimated efficiency was shown to be in good agreement with the measured efficiency [25] and at the energy region of present interest the discrepancy between them was found to be quite small. The self-attenuation correction in the sample and the



absorption correction for the air path are determined as per the procedure described before [24]. For the estimation of these corrections we have used the mass attenuation coefficients compiled in a computer program XCOM by Berger and Hubbell [26]. The mass attenuation coefficients for the compounds are estimated using the elemental values in the following Bragg’s-rule formula [27]. X wi mi =ri …1† …m=r† ˆ i



where wi is the proportion by weight of the ith constituent and mi =ri is the mass attenuation coefficient for the ith constituent in the compound. 4. Results and discussion The experimental results for the Kb-to-Ka X-ray intensity ratios of Fe and Ni in pure metals and in FexNi1⫺x alloys for the alloy compositions x ˆ 0:2; 0.5 and 0.58 are presented in Table 1. The errors quoted in the table are only statistical. As is seen from Table 1 for all alloy compositions the Ni Kb-to-Ka ratios are consistently different from that of pure nickel whereas those of Fe differ slightly from that of pure iron. For the alloy composition x ˆ 0:2 the Kb-to-Ka ratio of Ni is much lower than that of pure nickel whereas for Fe the Kb-to-Ka ratio is found to be more than that of pure iron. For the other two alloy compositions the Kb-to-Ka ratios of Ni are more than that of pure nickel and for Fe they are closer to that of pure Fe. Fe0.2Ni0.8 is a special alloy with very good magnetic properties for which it has large applications. This alloy is found to behave differently as far as the Kb-to-Ka ratio of Ni is concerned. The 3d electron populations of Fe and Ni for various samples have been estimated by comparing the experimental Kb-to-Ka ratios with the results of MCDF calculation [28–30] made under the Coulomb gauge [30]. These are presented in Table 2. Our estimated 3d electron populations for pure Fe and Ni metals are found to be in close agreement with the band structure calculations of Papaconstantopoulos [31] and Hodges et al. [32], respectively. The evaluated 3d electron populations for Fe and Ni in the three alloys suggest



Table 2 Evaluated 3d-electron population values and total number of (4s,4p) electrons for Fe and Ni in various samples Kind of sample



Pure Fe Pure Ni Fe20Ni80 Fe50Ni50 Fe58Ni42



Fe



565



Ni



Evaluated 3d-electron population



Total number of (4s,4p) electrons



Evaluated 3d-electron population



Total number of (4s,4p) electrons



7.39 ^ 0.29 – 6.69 ^ 0.26 6.86 ^ 0.24 7.31 ^ 0.24



0.61 ^ 0.29 – 1.31 ^ 0.26 1.14 ^ 0.24 0.69 ^ 0.24



– 8.54 ^ 0.39 9.93 ^ 0.52 7.81 ^ 0.21 7.44 ^ 0.19



– 1.46 ^ 0.39 0.07 ^ 0.52 2.19 ^ 0.21 2.56 ^ 0.19
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Table 3 Comparison of estimated (comparing experimental Kb/Ka ratio with the MCDF calculation) weighted average number of 3d and (4s,4p) electrons for various FexNi1⫺x alloys with the superposition values of 3d and (4s,4p) electrons obtained from the pure metal values Kind of sample



Superposition of 3d electrons obtained from pure metal values



Weighted average of 3d electrons in the alloy



Superposition of (4s,4p) electrons from pure metal values



Weighted average of (4s,4p) electrons in alloy



Fe20Ni80 Fe50Ni50 Fe58Ni42



8.30 ^ 0.32 7.97 ^ 0.24 7.87 ^ 0.24



9.28 ^ 0.42 7.34 ^ 0.16 7.36 ^ 0.16



1.29 ^ 0.32 1.03 ^ 0.24 0.96 ^ 0.24



0.32 ^ 0.42 1.66 ^ 0.16 1.48 ^ 0.16



no transfer of 3d electrons from one metal to the other. The charge transfer mechanism will involve equal and opposite changes in the 3d electron population of both the metals. However except for the x ˆ 0:2 alloy the changes in the 3d electron population of Fe and Ni over their pure metal values are on the same side and hence charge transfer mechanism is ruled out. For the x ˆ 0:2 alloy although similar (within experimental limits) but opposite changes in the 3d electron population per atom are observed but if we scale the changes by the concentration of the metals they will be different and hence the charge transfer idea can be ruled out. However, the changes in the 3d electron population of Fe and Ni for all the alloys can easily be explained by the rearrangement of electrons between 3d and (4s,4p) valence band states of the individual metal atoms. The difference in the 3d electron population changes for Fe and Ni in the alloys, especially for the x ˆ 0:2 alloy may be naively attributed to a difference in the relative positioning of 3d and (4s,4p) states. However for checking our results for the 3d electron populations of Fe and Ni in the alloys a band structure calculation is needed which is beyond the scope of the present study. We hope the present work will stimulate theoretical work which can provide better understanding on the valence electronic structure of FexNi1⫺x alloys. The approximate number of (4s,4p) electrons (per one atom) for pure Fe and Ni have been obtained by subtracting from the total number of valence electrons of the neutral atom (8 for Fe and 10 for Ni) the number of 3d-electrons in the pure metal from Table 2 (7.39 ^ 0.29 for Fe and 8.54 ^ 0.39 for Ni). In the case of the FexNi1⫺x alloys it is also possible to estimate (in the way described above) the approximate number of (4s,4p) electrons per one atom separately for Fe and Ni in a given alloy (see third and firth columns of Table 2, respectively). Then, to obtain the average numbers of (4s,4p) electrons per one 3d transition metal atom in a given FexNi1⫺x alloy it is necessary to take the weighted average of the approximate number of (4s,4p) electrons per one Fe atom and per one Ni atom evaluated separately for this alloy (see above) with the weights x and 1 ⫺ x; respectively. The approximate weighted average number of (4s,4p) electrons in the FexNi1⫺x alloys are given in the last column of Table 3. Similarly, the weighted



average number of 3d electrons in the FexNi1⫺x alloys are given in column 3 of Table 3. To better illustrate that the properties of the alloys (of certain composition) are not just a superposition of the properties of pure Fe and Ni metals, in the first and third column of Table 3 we have additionally presented for every alloy composition x, the superposition (with the weights x for Fe and 1 ⫺ x for Ni) of the number of 3d and (4s,4p) electrons for pure Fe and pure Ni. It can be seen from Table 3 that in the case of x ˆ 0:5 and 0.58 the weighted average numbers of (4s,4p) electrons in the FexNi1⫺x alloys (the last column of Table 3) are slightly higher than the superposition of the number of (4s,4p) electrons of pure Fe and Ni metals (the third column of Table 3). However, in the case of the Fe0.2Ni0.8 alloy the weighted average number of (4s,4p) electrons is dramatically small (0.32 ^ 0.42) and differs very much from the superposition of the number of (4s,4p) electrons of pure Fe and Ni metals (1.29 ^ 0.32). For the case of 3d electrons, the weighted average for Fe0.2Ni0.8 alloy is more than the superposition value whereas for the other two alloy compositions the weighted average is less than the superposition value. This indicates that the valence electronic structure of the Fe0.2Ni0.8 alloy is totally different from the other two alloys, which is very interesting because (as mentioned in the Introduction) Fe0.2Ni0.8 is a special alloy with very good magnetic properties [3] and having a large number of applications.



5. Conclusions On the basis of the above analysis some general conclusions can be drawn. First, the experimental data indicate deviations of Kb-to-Ka intensity ratio values for Fe and Ni in FexNi1⫺x alloys from the corresponding values for pure metals. Second, the 3d-electron populations of pure solid Fe and Ni (obtained from the comparison of the measured Kb-to-Ka intensity ratios with the results of MCDF calculations) agree well with the earlier results of band structure calculations suggesting the reliability of our theoretical approach. Third, changes in the 3d-electron population of Fe and Ni have been found for certain alloy compositions. For the alloy composition x ˆ 0:2 the change in the
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3d-electron population of Ni is the largest and has the opposite direction than in the case of the other two alloy compositions. Fourth, the comparison of the changes of 3d-electron population for Fe in the FexNi1⫺x alloys (relative to pure Fe metal) with the corresponding changes for Ni suggests that these changes can be explained by assuming the rearrangement of electrons between 3d and (4s,4p) valence band states of individual atoms. Fifth, the observed 3d electron population changes in Fe and Ni cannot be explained as discussed in Section 4 by the alternative charge transfer mechanism. Sixth, generally the weighted average number of (4s,4p) electron in a given alloy differs significantly from the corresponding superposition of the number of (4s,4p) electron of pure Fe and Ni metals. In the case of Fe0.2Ni0.8 alloy this difference is the largest. Seventh, the drastically different valence electronic structure of Fe0.2Ni0.8 alloy from the other two alloys seems to explain the special magnetic properties of this alloy. Acknowledgements The authors H.C.P. and S.R. acknowledge the financial support of Council of Scientific and Industrial Research, India. This work was also partly supported by the Polish Committee for Scientific Research (KBN), grant no.: 2P03B01916. References [1] G.A. Prinz, Phys. Today 48 (4) (1995) 55. [2] G.A. Prinz, Science 282 (1998) 1660. [3] B. Nadgorny, R.J. Soulen Jr., M.S. Osofsky, I.I. Magin, G. Laprade, R.J.M. Van de Veerdonk, A.A. Smits, S.F. Chen, E.F. Skelton, S.B. Qadri, Phys. Rev. B 61 (2000) R3788 (and references therein). [4] M. Polasik, Phys. Rev. A 58 (1998) 1840. [5] C.R. Bhuinya, H.C. Padhi, J. Phys. B: Atom. Mol. Opt. Phys. 25 (1992) 5283. [6] C.R. Bhuinya, H.C. Padhi, Phys. Rev. A 47 (1993) 4885. [7] H.C. Padhi, B.B. Dhal, Solid State Commun. 96 (1995) 171. [8] S. Raj, H.C. Padhi, M. Polasik, Nucl. Instrum. Meth. B 155 (1999) 143.
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