Printed ISSN 1330–0008 Online ISSN 1333–9125 CD ISSN 1333–8390 CODEN FIZAE4

SURFACE PLASMON SATELLITES IN CORE-LEVEL X-RAY PHOTOEMISSION SPECTRA OF LATE TRANSITION-METAL COMPOUNDS

SANJAY KUMAR SRIVASTAVA and AMAR BAHADUR^{a,1}

Department of Physics, Kamla Nehru Institute of Physical and Social Sciences, Sultanpur, U.P., India aE-mail address: amar.b.007@gmail.com, me.amar07@yahoo.co.in

Received 17 June 2008; Revised manuscript received 20 November 2008 Accepted 3 December 2008 Online 28 January 2009

The origin of satellites in 2p core level of late transition metal compounds are studied using plasmon theory. The calculated values of energy separation and relative intensity agree well with the experimental values and the theoretical calculations by Kozo Okada et al. The excitation of surface plasmons in 2p core level X-ray photoemission spectra of transition metal dihalides is discussed.

PACS numbers: 79.60.-i, 78.70.En, 33.60.-q UDC 535.215

Keywords: X-ray satellite spectra, plasmon, energy separation, relative intensity, intrinsic and extrinsic effects

1. Introduction

X-ray photoemission spectra of core levels in many transition metal compounds show intense satellites occurring on high binding-energy side of the main line [1 – 5]. Such satellites have been observed in gas phase molecules as well as in solids. Although many models attempting to explain origin of the core-level satellites in halides [6 – 10] have appeared in the literature, yet at the first sight it appears that these satellites may be due to plasmon excitation processes because their energy separations are in the range of plasmon excitation, and plasmon theory is supposed to be the most suitable theory in this energy range. The existence of bulk and sur-

1Corresponding author: A. Bahadur

face plasmon in X-ray satellite spectra are well known since the theoretical work of Pines and Bohm [11 – 13]. Pines [14] defined plasmons as quanta of energy of these collective oscillations. In X-ray photoemission spectra, a valence electron, while filling core vacancy, excites a plasmon, then transition energy is shared between plasmon and photoelectron. This process gives rise to low-energy X-ray satellites that have been observed by a large number of workers experimentally and considered theoretically [15 – 16]. However, if a plasmon pre-exists, then during the X-ray emission process it transfers its energy to the transiting valance electron before it annihilates the core vacancy. Thus the energy of emitted X-ray photon will be higher than the energy of the main line. This process gives rise to high-energy satellites. Although, the excitation of surface plasmon is well known in oxides [17 – 18] of various metals and compounds, yet the literature is silent about the excitation of surface plasmons even in halides. Since halogens are very near to oxygen in the periodic table and more electronegative than oxygen, the possibility of surface plasmon excitation in halogens can not be ignored. Therefore, we have, for the first time, tried to examine the excitation of surface plasmons [19] in the satellite spectra of transition metal halides.

2. Energy separation

Experimental data were taken from published literature from Refs. [20 – 22]. Although the origin of satellite transition metal halides may also be analyzed by applying different analytical techniques [23], we have applied plasmon theory. In this we applied some modified terms which proved superiority over old plasmon methods [24 – 27]. We calculated energy separation from the main line using the following formula given by Marton [28]

Bulk plasmon energy, h̄ω_p = 28.8 ( Z^′σ/W

)_{1/2} (1) where Z^′ is the effective number of electrons taking part in plasma oscillation, σ the specific gravity and W the molecular weight of compound. Since at the surface more localized oscillations can occur with frequency ω_s, depending on the conditions and the energy of the corresponding peak, surface plasmon may also be seen. Hence we also calculated surface plasmon energies using formula given by Ritchie [29],

Surface plasmon energy, h̄ω_s = h̄ω_p/ √ 2 (2)

This equation is valid for free-electron model to a fairly good approximation. It can also be used for semiconductors and insulators. The present calculated values of surface plasmon energy in Table 1 are in close agreement with experimental [20 – 22] and previously calculated [23] values.

TABLE 1. Values of surface plasmon energy.

Energy separation (eV)

Compound Z^′ σ W

Present work (h̄ω_s)

Experimental Ref. [20 – 22]

Calculated Ref. [43]

NiF_2 2 4.72 96.71 6.4 6.0 6.0

CoF_2 2 4.46 96.93 6.3 6.0 6.0

FeF_2 2 4.09 93.84 6.0 6.5 6.4

MnF_2 2 3.98 92.93 6.0 7.0 7.1

FeCl_2 3 3.16 126.75 5.6 5.5 5.7

MnCl_2 3 2.977 125.84 5.4 5.0 5.6

FeBr_2 3 4.636 215.67 5.2 6.0 5.6

MnBr_2 3 4.39 214.76 5.04 5.5 5.7

3. Relative intensities

From the energy considerations alone, the satellite can be regarded as being due to an excitation of surface plasmon. But for a further confirmation of involvement of surface plasmon in satellites of these compounds, the relative intensity (I_s/I_m) has also been calculated using plasmon theory in new light. There are two types of plasmon excitation – extrinsic and intrinsic [30]. In the extrinsic process, excitation of plasmon occurs during the transport of electrons through solid (fast electron process), while the in intrinsic process, excitation of plasmon takes place simultaneously with the creation of a hole [31] (slow electron process). In the present work, we have tried to incorporate both these processes, i.e., the relative contribution of the extrinsic process as well as of the intrinsic process in which the number of slow electrons is conserved. We have gone through detailed survey of the literature regarding this and found that Pardee et al. [32] have done the remarkable job in combining both extrinsic and intrinsic effects in one equation simultaneously with some inelastic effects and have given the formula for the combined relative intensity as i = α^n n∑ m=0 (β/α)^m m! , (3)

where α = 1 1 + l/L (4) is the inelastic loss factor, which gives the relative intensity for extrinsic satellites. Here l is the mean-free path for extrinsic plasmon excitation and L the mean attenuation length for electrons due to processes other than plasmon excitation.

The parameter β is a measure for the probability P_i(n) for the intrinsic excitation of n plasmons,

P_i(n) = e^{−β} β^n n! (5) The value of β [33 – 36] is taken as

β = 0.12 r_s , (6)

which has been used for intrinsic relative intensity by K. S. Srivastava et al. [17] and clearly is an approximation and one term of Eq. (3).

But in the present case, Pardee’s Eq. (3) with the same values of α and β given by Eqs. (4) and (5), respectively, could not be used directly because it does not give satisfactory results, so it needed some modifications.

Therefore we modified α. We have replaced α from inelastic loss factor to the ratio of cut-off wave vector K_c to the Fermi wave vector as α = K_c/K_F and its value is taken [37] as α = 0.47 r^{1/2}_s . (7)

Here r_s is a dimensionless parameter and is the same as used in Eq. (6), given by [13]

r_s = ( 47.11 h̄ω_p

)_{2/3} (8) for volume plasmon, and for surface plasmon

r_s = ( 47.11 h̄ω_s

)_{2/3} . (9)

Using the new values of α, Eqn. (7), and β, Eqn. (6), in Eqn. (3), we have calculated several excellent results [38 – 41].

The beauty of Eqn. (3) is that it contains a series of terms which include both extrinsic and intrinsic contributions along with their relative coupling terms. The first term is purely extrinsic, while the second term is purely intrinsic. The other terms give both extrinsic and intrinsic relative contributions. The speciality of this formula is that each term alone or simultaneously [42] with other terms is able to give the relative intensity. It is the type of excitation which decides which and how many terms will be used. This formula also includes both categories mentioned by Bradshaw [31] for intrinsic contributions and gives better results as compared to that and than traditional methods for the calculation of the relative intensity. Using Eqs. (3), (5), (6) and (7), we calculated the values of relative intensity that are given in Table 2, including the experimentally observed values. Earlier workers [17 – 18, 24 – 27] used different terms of this form alone to explain successfully the relative intensities of many satellites up to certain extent. But using various terms of this formula or their combination, we are able to calculate not only the relative intensity of existing satellites, but it is also possible to predict those satellites which are yet to be discovered. It is also the beauty of the method that the relative intensity of higher-order satellites can easily be calculated without going into much mathematical detail. One can also separate the relative contributions of extrinsic and intrinsic excitations in total intensity. No method is known in the literature which gives the intensities of much higher satellites and separates these contributions with such an accuracy.

TABLE 2. Relative intensities.

Relative intensity

Comp. r_s α Intensityassign. This work

Exptl.

Ref. [20-22]

Calc.

Ref. [43]

Exptl. Ref. [43] NiF_2 3.8 0.92 β + β^2/(2α) 0.55 0.60 0.60

CoF_2 3.83 0.92 β − 0.1 0.36 0.40 0.40 0.18

FeF_2 3.94 0.93 β^2/(2α) 0.1 0.20 0.26 0.10

MnF_2 3.97 0.94 β^2/(2α) 0.11 0.10 0.15 0.06

FeCl_2 4.15 0.96 β + β^2/(2α) 0.62 0.65 0.64

MnCl_2 4.22 0.97 β − 0.1 0.41 0.35 0.35

FeBr_2 4.36 0.98 β + β^2/(2α) 0.66 0.85 0.79

MnBr_2 4.45 0.99 β − 0.1 0.43 0.45 0.47 0.38

4. Conclusion

Authors calculated the values of surface plasmon energies which are in close agreement with the experimentally observed values of energy separation. For the calculation of relative intensity, compounds are treated microscopically [45]. When treated in this way, the satellites of different compounds slightly differ in assignment from one another in natural way as types of halides differ. The calculated values of relative intensity are in close agreement with the observed values [20 – 22, 46] and calculated values [23]. So it can be concluded that the core-level satellites of late transition metal dihalides may be due to surface plasmon excitation.

Acknowledgements

We are greatly thankful to Prof. K. S. Srivastava of Physics Department, Lucknow University, Lucknow U.P. and Dr. A. K. Srivastava, Physics Department,

Kamla Nehru Institute of Physical and Social Sciences, Sulatnpur, U.P., for their fruitful conversations and valuable suggestions.

References

[1] B. Wallbank, J. S. H. Q. Parera, D. C. Frost, and C. A. Mc Dowell, J. Phys Chem.

Phys. 69 (1978) 5405.

[2] D. C. Frost, C. A. Mc Dowell and B. Wallbank, Chem. Phys. Lett. 40 (1976) 189. [3] S. K. Sen, J. Riga and J. Verbist, Chem. Phys. Lett. 39 (1976) 560. [4] K. S. Kim and N. Winogard, Chem. Phys. Lett. 31 (1975) 312. [5] D. K G. de Boer, C. Hass and G. A. Sawatzky, Phys. Rev. B 29 (1984) 4401. [6] Masahiko Matsubara, Yoshihisa Harada, Shik Shin, Takayuki Uozumi and Akio Kotani, J. Phys. Soc. Jpn. 73 (2004) 711.

[7] S. R. Qiu and J. A. Yarmoff, Phys. Rev. B 63 (2001) 115409.

[8] N. Kodama, T. Hoshino, M. Yamaga, N. Ishizawa, K. Shimamura and T. Fukuda, J.

Crystal Growth 229 ( 2001) 492.

[9] I. Pollini, A. Mosser and J. C. Parlebas, Physics Reports 355 (2001) 1. [10] Pollini, Phil. Mag. 85 (2005) 2641.

[11] D. Pines and D. Bohm, Phys. Rev. 85 (1952) 338. [12] D. Pines and D. Bohm, Phys. Rev. 92 (1953) 609.

[13] D. Pines, Elementary Excitations in Solids, Benjamin, New York (1964) p. 92. [14] D. Pines, Solid State Physics 1, eds. F. Seltz and D. Turnbull, Academic Press, New York (1955) 367.

[15] G. A. Rooke, Phys. Lett. 3 (1963) 234.

[16] L. H. Waston, R. K. Diamond, et al., in Soft X-Ray Band Spectra and Electronic Structure of Metals and Materials, ed. D. J. Fabin, Academic Press, New York (1986).

[17] K. S. Srivastava, K. Sinha, A. K. Srivastava, Sameer Sinha, S. K. Shukla, M.N. Sharma, D.K.Singh and S.K. Srivastava, Indian J. of Pure and Appl. Phys. 34 190 (1996).

[18] K. S. Srivastava, Shiv Singh, A. K. Srivastava, R. S. Nayal, Amita Chaubey and P.

Gupta, Phys. Rev. A 25 (1982) 2838.

[19] S. K. Srivastava, Amar Bahadur and Pankaj Singh, NACSAM - (2007), Proc. V. K.

Mehta College of Science, Bharwari (Kaushambi) Allahabad (2007) 38. [20] A. E. Bocquet, T. Mizokawa, T. Saitch, K. Namatame and A. Fujimori, Phys. Rev. B 46 (1992) 3771.

[21] M. Okusawa, phys. status solidi (b) 124 (1984) 673.

[22] A. Rosencwaig, G. K. Wertheim and, H. J. Guggenheim Phys. Rev. Lett. 27 (1971) 479.

[23] Kozo Okada and Akio Kotani, J. Phys. Soc. Japan 61 (1992) 4619. [24] K. S. Srivastava, M. Husain and Sarad Srivastava, Ind. J. Pure Appl. Phys. 42 (2004) 302.

[25] Rajeev Srivastava, Vijnan Perishad Anusandhan Patrika 50 (2007) 73. [26] K. S. Srivastava, S. P. Singh and R. L. Srivastava, Phys. Rev. B 13 (1976) 3213.

[27] F. Brouers, phys. status solidi (b) 22 (1967) 213.

[28] L. Marton, Adv. in Electronics and Electron Phys. 7, ed. L. Marton, Academic Press, New York (1955) 225.

[29] R. H. Ritchie, Phys. Rev. 106 (1957) 874.

[30] S. Hüfner, Photoelectron Spectroscopy, Springer, Berlin (1995).

[31] A. M. Bradshaw, S. L. Cederbaum, W. Domckek and U. Krause, J. Phys. C: Solid State Phys. 7 (1974) 4503.

[32] W. J. Pardee, G. D. Mahan, D. E. Eastman, R. A. Pollak, L. Ley, F. R. Mcfeely, S. P.

Kowalczyk and D. A. Shirley, Phys. Rev. B 11 (1975) 3614.

[33] D. C. Langreth, in Nobel Symp., Collective Properties of Physical Systems, eds. B.

Lundquist and S. Lundquist, Academic Press, New York (1974) 24 (1973) 210. [34] D. C. Lengreth, Phys. Rev. Lett. 26 (1971) 1229. [35] D. C. Lengreth, Phys. Rev. B 26 (1970) 741.

[36] J. J. Chang and D. C. Lengreth, Phys. Rev. B 5 (1972) 3512. [37] R. A. Ferrell, E. A. Stern, Phys. Rev. 120 (1960) 130.

[38] S. K. Srivastava, Amar Bahadur and Pankaj Kumar Singh, Material Science (an Indian journal) 4 (2008) 119.

[39] S. K. Srivastava, Amar Bahadur and Pankaj Kumar Singh, Material Science (an Indian journal) 4 (2008) 117.

[40] S. K. Srivastava, Amar Bahadur and Pankaj Kumar Singh, Proc. Nat. Conf. on Scientific and Legal Challenges of Global Warming (2008) 123.

[41] S. K. Srivastava, Amar Bahadur and Pankaj Kumar Singh, J. Ultra Scientist of Phys.

Sciences 20 (2008) 315.

[42] Z. Berényi, L. Kövér, S. Tougaardb, F. Yuberc, J. Tóth, I. Csernya and D. Varga, J.

Electron Spectr. and Related Phenomena. 135 (2004) 177.

[43] Andrew P. Grosvenor, Mark C. Biesinger, Roger St. C. Smart and N. Stewart McIntyre, Surface Science 600 (2006) 1771.

[44] D. C. Frost, C. A. Mc Dowell and J. S. Wollsey, Chem. Phys. Lett. 17 (1972) 320.

POVRŠINSKI PLAZMONSKI SATELITI U SPEKTRIMA FOTOEMISIJE IZ SREDICA U SPOJEVIMA KASNIH PRIJELAZNIH METALA

Proučavamo nastanak satelita 2p sredice spojeva kasnih prijelaznih metala primjenom plazmonske teorije. Izračunate vrijednosti pomaka energije i relativnih intenziteta u dobrom su skladu s eksperimentalnima i s teorijskim vrijednostima Kozo Okade i sur. Raspravljamo uzbudu površinskih plazmona rentgenskim zračenjem u fotoemisijskim spektrima 2p sredice dihalida prijelaznih metala.