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This paper describes the recent progress in electron inelastic mean free paths (IMFPs) calculations with the dielectric

response function and the optical energy loss function (ELF) as key parameters. As a result, it has been found that for most

materials, the IMFP values calculated by the various calculation algorithms agreed well each other in the energy region

above 300 eV. However, there is a large difference in the energies under 200 eV. The energy dependence of IMFPs

calculated from optical ELFs could be expressed by the modified Bethe equation in the energies between 50 eV and 200
keV. The material dependence of IMFPs could be expressed by the TPP-2M equation. For IMFP calculations, the
treatments and evaluations of the electron exchange effect, the effect of energy gap in the energy loss function, and the

associated integral region also remain important issues to be addressed in the future.
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Fig. 1. (Color online) Inelastic mean free paths as a function of
electron energy for Na, Al, Au, c-BN, GaAs, SiO2, Polyacetylene,
[-carotene, and Kapton. Solid, long and short dashed , and short
dashed lines indicate IMFPs for elemental solids, inorganic
compounds, and organic compounds, respectively.
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Fig. 2. (Color online) Comparison of IMFPs for liquid
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Fig.3. (Color online) Comparison of calculated IMFPs with
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symbols indicate IMFPs measured by Tanuma et al.®,
Egerton et al.*4, and Takoubovskii et al.*®
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Fig.4. (Color online) Comparison of calculated IMFPs with
measured IMFPs for MgO. The solid line indicates IMFPs
calculated with the relativistic TPP-2M equation, and the
long-dashed line indicates IMFPs calculated from FPA. The
symbols indicate IMFPs measured by Takoubovskii et al.®,
Gurban et al.*%, and Wang et al.*’, and McCartney ef al.*®




EFR oA [EEER,

#1 & EZE Vol. 66, No. 5, pp. 292-298, 2023]

https://doi.org/10.1380/vss.66.292

OEELRME L LTHRSA TS, &56IZ, Born il
= L — - & [ R O O AR 4
BT HHOTHY, 100eV FEEELL T O TV F — 581
THABET L O FF L NS RD LD
5, TOEKMIEDE, E51TIE Born Il %Y
PECOWTH HERFT2RERD S5, ZOB, *

! http://kikakurui.com/k0/K0147-1-2017-01.html

2 C.I. Powell, A. Jablonski, J. Phys. Chem. Ref. Data, 28,

19 (1999).

3 U. Fano, Ann. Rev. Nucl. Sci. 13, 1 (1963).

4 J. M. Fernandez-Varea, F. Salvat, M. Dingfelder, D.
Liljequist, Nucl. Instrum. Meth. Phys. Res. B 229, 187
(2005).

5> ].M. Fernandez-Varea, D. Liljequist, S. Csillag, R. Raty,
F. Salvat, Nucl. Instrum. Methods Phys. Res. B 108 , 35
(1996).

¢ H. Shinotsuka, S. Tanuma S, C. J. Powell, D. R. Penn,

Surf Interface Anal. 47, 871 (2015).; ibid, Surf. Interface
Anal., 47, 1132 (2015).
7 D. R. Penn : Phys. Rev. B.35, 482 (1987).
8 J. Lindhard, K. Dan. Vidensk. Mat.-Fys. Medd. 28, 1
(1954).
° H. T Nguyen-Truong, J. Phys. Chem. C., 119, 7883
(2015).
0 EHEER  FKE L EZE, 65, 102 (2022).
'S, Tanuma, C. J. Powell, D.R. Penn , Surf. Interface
Anal. 11, 577 (1988).

12°S. Tanuma, C. J. Powell, D.R. Penn, Surf. Interface
Anal., 17,911 (1991).

13°S. Tanuma, C. J. Powell, D.R. Penn, Surf. Interface
Anal., 17,927 (1991).

14°S. Tanuma, C. J. Powell, D. R. Penn, Surf. Interface
Anal., 21, 165 (1994).

15 H. Shinotsuka, S. Tanuma, C. J. Powell, D. R. Penn,
Surf. Interface Anal., 47, 871 (2015).

16 H. Shinotsuka, S. Tanuma, C. J. Powell, D. R. Penn,
Surf. Interface Anal., 51, 427 (2019).

17 H. Shinotsuka, S. Tanuma, C. J. Powell, D. R. Penn,
Surf. Interface Anal., 54, 534 (2022).

13 http://www.wien2k.at/; P. Blaha, K. Schwarz, G. K. H.
Madsen, D. Kvasnicka, J. Luitz, WIEN2k, An
Augmented Plane Wave + Local Orbitals Program for
Calculating Crystal Properties (Karlheinz Schwarz,
Tech. Universitidt Wien, Austria), 2001.ISBN 3-

9501031-1-2.

19 http:/feffproject.org/; A. L. Ankudinov, C. Bouldin, J.
J. Rehr, J. Sims, H. Hung, Phys. Rev. B 65, 104107
(2002).

H. Shinotsuka, H. Yoshikawa, S. Tanuma, e-Journal of
Surface Science and Nanotechnology 19, 70 (2021).

21 http:/feffproject.org/; A. L. Ankudinov, C. Bouldin, J. J.
Rehr, J. Sims, H. Hung, Phys. Rev. B 65, 104107
(2002).

22 T. Boutboul T, Akkerman A, Breskin A, Chechik R, J.
Appl. Phys., 79, 6714 (1996).

20

B L7 IMFP fii & OHEIIKAEECTH 5H, ARET
WEERY BT 7o 7278, IMFP OFEREAEER L,
DRI X —FiFH TEEOWEIZ OV T S
HTENEEND,

3R

2 N. D. Mermin, Phys. Rev. B, 1, 2362 (1970).

24 1. Abril, R. Garcia-Molina, C. D. Denton, J. Perez-Peres,
R. Arista, Phys. Rev. A 58, 357 (1998).

25 S. Heredia-Avalos, R. Garcia-Molina, J. M. Fernandez-
Varea, 1. Abril, Phys Rev. A 72, 052902 (2005).

26 Cristian D. Denton, Isabel Abril, Rafael Garcia-Molina,
Juan C. Moreno-Marin, Santiago Heredia-Avalosc, Surf.
Interface Anal. 40, 1481 (2008).

27 Moni Behar, Raul C. Fadanelli, Isabel Abril, Rafael
Garcia-Molina, Cristian D. Denton, Luiz C. C. M.
Nagamine, Néstor R. Arista., PHYSICAL REVIEW A
80, 062901 (2009 ).

28 Pablo de Vera, Isabel Abril, Rafael Garcia-Molina, J.

Appl. Phys. 109, 094901 (2011).

2 J. M. Ferna'ndez-Varea, R. Mayol, D. Liljequist, and F.
Salvat, J. Phys.: Condens. Matter 5, 3593 (1993).

30 Rafael Garcia-Molina, Isabel Abril, loanna Kyriakou,
Dimitris Emfietzoglou, Surf. Interface Anal., 49, 11-17
(2017).

! Pablo de Vera, Isabel Abril, Rafael Garcia-Molina, J.
Phys. Chem. C, 123, 2075 (2019).

32 B. Da, H. Shinotsuka, H. Yoshikawa, Z. J. Ding, S.
Tanuma, Phys. Rev. Lett. 113, 063201 (2014).

3 H. Shinotsuka, S. Tanuma, C. J. Powell, D. R. Penn,
Surf. Interface Anal., 49, 238 (2017).

3 S, Tanuma, H. Yoshikawa, N. Okamoto, and K. Goto, J.

Surf. Anal. 15, 195 (2008).

35 ]. D. Bourke and C. T. Chantler, Phys. Rev. Lett. 104,
206601 (2010).

3¢ Hieu T. Nguyen-Truong, J. Phys. Chem. C 119, 7883
(2015).

37 V. P. Zhukov, E. V. Chulkov,P. M. Echenique,
Rev. B, 73, 125105 (2006).

3 7. H. Levine, S. G. Louie,

(1982).
Hieu T. Nguyen-Truong, J. Phys.: Condens. Matter, 30,
155101 (2018).
D. Emfietzoglou ,G. Papamichael, H. Nikjoo, Radiat
Res.,188, 355 (2017).

4 B. Da, H. Shinotsuka, H. Yoshikawa, S. Tanuma, Surf.

Anal. 51, 627 (2019).

42 B. Da, X. Liu, L. H. Yang, J. M. Gong, Z. J. Ding, H.
Shinotsuka, J. W, Liu, H. Yoshikawa, S. Tanuma, J. Appl.
Phys. 131, 175301 (2022)

4 S. Tanuma, T. Shiratori, T. Kimura, K. Goto, S.
Ichimura, C. J. Powell, Surf. Interface Anal. 37,
833(2005).

4 R.F. Egerton, Electron Energy-loss Spectroscopy in the
Electron Microscope, 3rd edition, Springer, New York,
2011.

45 K. Iakoubovskii, K. Mitsuishi, Y. Nakayama, K. Furuya,
Phys. Rev. B 77, 104102 (2008).

w

w

Phys.

Phys. Rev. B, 25, 6310



XXX Vacuum and Surface Science 77 XX % 5 XX 75 (2017)

4 M. R. McCartney, M. Gajdardziska - Josifovska,
4 S. Gurban, G. Gergely, J. Toth, D. Varga, A. Jablonski, Ultramicroscopy, 53, 283 (1994).

M. Menyhard. Surf Interface Anal., 38, 624 (2006).
47 7. L. Wang, A. J. Shapiro, Ultramicroscopy, 60, 115

(1995).



