ISSN 1330Ű0008 CODEN FIZAE4

THE RELATIONSHIP BETWEEN THE ANOMALOUS TRANSMISSION AND THE NEGATIVE EXTINCTION IN THE BRAGG CASE

XU ZHANGCHENG^{a;b}, GUO CHANGLIN^b and ZHAO ZONGYAN^c

a CCAST (World Laboratory), P.O.Box. 8730, Beijing 100080, People’s Republic of China b Shanghai Institute of Ceramics, Chinese Academy of Sciences, Shanghai 200050, People’s Republic of China (mailing address) c Department of Physics, Anhui University, Heifei 230039, People’s Republic of China

Received 9 June 1997

UDC 538.951

PACS number: 61.10.Dp

The relationship between the anomalous transmission and the negative extinction in the symmetrical Bragg case near the absorption edge is studied in detail. The negative extinction results from the anomalous transmission and takes the largest value when the diffraction is induced only by the imaginary part of the atomic scattering factor near the absorption edge. The appearance of the negative extinction also depends on temperature, which can be used for the identi^cation of the theoretical model for calculating the Debye-Waller factor.

1. Introduction

X-ray diffraction theories are called dynamical or kinetic, according to whether the multi-scattering effect is taken into account or not [1-5]. The observation of Borrmann effect and Pendellĺosung fringes proves the validity of the dynamical theory.

With X-rays from a synchrotron radiation source, it is possible to make |F_{hr}| smaller than |F_{hi}|, even F_{hr} = 0, near an absorption edge of a constitute atom of a perfect crystal

[6-7]. Here, F_{hr} and F_{hi} are the contributions of the real and imaginary parts, respectively, of the atomic scattering factor to the crystal structure factor. In 1992, Kato presented the general formulae for calculating the re~ectivity for a semi-in^nite crystal, which is valid even when F_{hr} = 0 [8]. The corresponding formulae for a ^nite parallel-plane crystal were derived by Xu Zhangcheng et al. in 1995 [9]. More recently, the present authors found that the famous Kato-Ewald theorem is not valid when |F_{hi}| is comparative to |F_{hr}| near the absorption edge [10,11].

It is well known, the extinction effect in the Bragg case under normal experimental conditions is one of the most important dynamical effects. This effect manifests itself not only in the integrated intensity, but also in the secondary ~uorescence emission [3,12]. However, the anomalous transmission can take place at the exact Bragg angle in the Bragg case when |F_{hr}| is smaller than |F_{hi}| near the absorption edge, as predicted in Ref. 9. The purpose of the present work is to show how such an effect affects the re~ectivity, especially the integrated intensity for the perfect crystal.

2. Theoretical basis

The parameters used in the present work are physically the same with those in Ref. 1, avoiding the problem of in^nity when F_{hr} = 0 [8,9].

2.1. The re�ection and transmission coef�cients for a �nite perfect crystal [9] The re~ectivity in the Bragg case for a ^nite perfect crystal is given by

P_h P_0

= (1 − 2psinδ) cosh(2AI_1) − cos(2AR_1) P_1

, (1)

where P_1 = (y^2 + g^2 + R^2_1 + I^2_1 ) cosh(2AI_1) − 2(yR_1 + gI_1) sinh(2AI_1)− (2)

(y^2 + g^2 − R^2_1 − I^2_1 )cos(2AR_1) + 2(yI_1 − gR_1)sin(2AR_1),

R_1 = ±p(L_1 + B)/2, (3)

I_1 = ±p(L_1 − B)/2, (4)

L_1 = pB^2 +C^2, (5)

B = y^2 − g^2 − 1 + a^2, (6)

C = 2(gy − pcosδ), (7) g = (1 + |b|) χ_{0i} 2 √ b K |χ_h|

, (8)

y = |b| (θ − θ_B)sin2θ_B +^1_2 (1 + |b|) χ_{0r} √ b K |χ_h|

, (9)

b = −sin(Θ_B + α)/sin(Θ − α), (10)

A = πK|χ_h| p_{sin(Θb + α)sin(ΘB − α)}, (11) p = |χ_{hr} χ_{hi}| |χ_h|^2

, (12)

a = √ 2 χ_{hi} |χ_h|^2

, (13)

|χ_h|^2 =

q_{|χhr|2 + |χhi|2, (14)}

χ_{hr} = |χ_{hr}| e^{iαhr} = − e^2 Vπmν^2

F_{hr}, (15)

χ_{hi} = |χ_{hi}| e^{iαhi} = − e^2 Vπmν^2

F_{hi}, (16)

δ = α_{hi} − α_{hr}, (17)

χ_h = χ_{hr} + i χ_{hi}. (18)

In (15) and (16), V is the volume of a crystal cell, ν the X-ray frequency, and m and e the mass and the charge of an electron. In (11), Θ_B is the Bragg angle, α the angle between the diffraction plane and the crystal surface, and K the wavenumber in vacuum. In (3) the negative sign is taken only when B < 0 and C < 0, but in (4) only when B > 0 and C < 0. The transmission coef^cient is

P_d P_0 = L_1 exp{2Ag(1 + b)/(1 − b)} P_1

. (19)

2.2. Integrated intensity

The integrated intensity for a ^nite perfect crystal is given by

R_{dyn} = p_{|b| |χh|} sin2θ

R^y_{dyn}(A_0,g_0,k0,b) = p_{|b| |χh|} sin2θ ∞Z �∞ P_h P_0 dy. (20)

The integrated intensity for an ideally imperfect crystal is given by

R_{kin} = p_{|b| |χh|} sin2θ

R^y_{kin}(A_0,g_0,k0,b), (21)

where R^y_{kin}(A_0,g_0,k0,b) = (1 − e^{4Ag}) π 4 (1 − 2psinδ) |g| . (22)

Fig. 1. The rocking curves of the transmitted beam of a �nite parallel-plane crystal. The parameters are: A = π,δ = 0, (1) χ_{hi} = 0,g = −0.1, (2) |χ_{hr}| = 10 |χ_{hi}|,g = −1.0, (3) |χ_{hr}| = 6 |χ_{hi}|,g = −1.0, (4) |χ_{hr}| = 2 |χ_{hi}|,g = −1.0, (5) |χ_{hr}| = |χ_{hi}|,g = −1.0 and (6) χ_{hr} = 0,g = −1.0.

When A → ∞ (if g /=0), e^{4Ag} → 0 (23)

k0 = |χhr| |χ_{hi}| , (24)

p = k0/(1 + k0^2), (25) a = q_{2/(1 + k02). (26)}

3. The rocking curves of the transmitted beams

According to Eq. (19), the rocking curves of the transmitted beam of a ^nite parallelplane crystal in the symmetrical Bragg case are calculated for all kinds of absorption cases. When χ_{hi} = 0 (Fig. 1, curve 1), the curve shows a symmetrical dip with respect to y = 0; when χ_{hr}χ_{hi} /=0 (curves 2 to 5), the curve is not symmetrical to y = 0, which is due to the asymmetry of the absorption coef^cient. The anomalous transmission in the region y < 0 and the anomalous absorption in the region y > 0 are clearly seen. When |χ_{hr}| >> |χ_{hi}|, the anomalous transmission is

Fig. 2. The dependence of R_{dyn}/R_{kin} on the ratio of |χ_{hr}| and |χ_{hi}|. The parameters are: g_0 = −1, A0 = 2A/(A+π), δ = 0, (1) |χ_{hr}| = 10 |χ_{hi}|, (2) |χ_{hr}| = 8 |χ_{hi}|, (3) |χ_{hr}| = 6 |χ_{hi}|, (4) |χ_{hr}| = 4 |χ_{hi}|, (5) |χ_{hr}| = |χ_{hi}|, (6) |χ_{hr}| = 0.

very small. Note that the anomalous transmission occurs in the so-called Ťtotal re~ectionŤ region, when |χ_{hr}| < |χ_{hi}|. When χ_{hr} = 0 (curve 6), the rocking curve shows a symmetrical peak with respect to y = 0, which means the anomalous transmission is the largest at exact Bragg angle.

4. Primary extinction and negative primary extinction

Darwin ^rst predicted the primary extinction phenomena, when he constructed his dynamical diffraction theory. That is to say, when re~ection occurs, the transmission depth of X-rays is much shallower than with normal absorption. Only several thousands of atomic layers near the crystal surface contribute to the diffraction and the contribution of the lower part is nearly zero. However, the anomalous transmission occurs in the so-called Ťtotal re- ~ectionŤ region, which means more atomic layers contribute to the diffraction in the perfect crystal than in the corresponding ideally imperfect crystal. This will result in the appearance of negative primary extinction - the integrated intensity for a perfect crystal being larger than that for a corresponding ideally imperfect crystal.

As shown in Fig. 2, R_{dyn}/R_{kin} is calculated for typical absorption cases by direct integration of the re~ected rocking curves. The parameter g_0 = χ_{0i}/|χ_{hi}| is set to Ű 1, which means the effect of temperature is not taken into account. It can

Fig. 3a. The dependence of R_{dyn}/R_{kin} on temperature. The parameters are: A0 = 2A/(A + π), δ = 0, |χ_{hr}| = 10 |χ_{hi}|, (1) g_0 = −1.0, (2) g_0 = −1.05, (3) g_0 = −1.1, (4) g_0 = −1.2, and (5) g_0 = −1.5.

be seen that R_{dyn}/R_{kin} increases with the decreasing of k0. When |χ_{hr}| ≥ |χ_{hi}| (curves 1 to 4), R_{dyn}/R_{kin} < 1, which is called the primary extinction. When |χ_{hr}| < |χ_{hi}|, (curves 5,6), R_{dyn}/R_{kin} > 1, which is called the negative primary extinction. When diffraction is induced only by the imaginary part the atomic scattering factor (χ_{hr} = 0), the negative primary extinction takes the largest value. As shown in Fig. 3, the effect of temperature on R_{dyn}/R_{kin} is studied. When |χ_{hr}| >> |χ_{hi}|, (Fig. 3a), R_{dyn}/R_{kin} increases and tends to 1 when the temperature increases (g_0 increasing). However, when χ_{hr} = 0 (Fig. 3b), R_{dyn}/R_{kin} decreases and tends to 1 when the temperature increases. If the temperature is high enough, the negative primary extinction will disappear, which may be used for the identi^cation of the theoretical model for calculating the Debye-Waller factor.

Fig. 3b. The dependence of R_{dyn}/R_{kin} on temperature. The parameters are the same as of Fig. 3a, except for χ_{hr} = 0.

Acknowledgements

The ^rst author thanks Prof. T. Fukamachi in Saiama Institute of Technology of Japan for his sincere help.

References

1) W. H. Zachariasen, Theory of X-ray diffraction in Crystals, Wiley, New York, 1945;

2) R. W. James, Solid State Physics, Academic, New York, 1963;

3) B. W. Batterman and H. Cole, Rev. Mod. Phys. 36 (1964) 681;

4) N. Kato, X-ray Diffraction, McGraw-Hill, New York, 1974;

5) Z. G. Pinsker, Dynamical Scattering of X-rays in Crystals, Springer, Berlin, 1978; 6) Z. Y. Zhao, J. H. Han, T. Fukamchi, M. Yoshizawa, T. Ehara, T. Kawamura and T. Nakajima, J.

Phys.: Condens. Matter 6 (1994) 1619;

7) T. Fukamachi, R. Negishi, M. Yoshizawa, T. Ehara, T. Kawamura, T. Nakajima and Z. Zhao, Acta Cryst. A 49 (1993) 573;

8) N. Kato, Acta Cryst. 48 (1992) 829;

9) Z. C. Xu, Z. Y. Zhao, C. L. Guo, S. M. Zhou, T. Fukamachi, R. Negishi and T. Nakajima, J. Phys.:

Condens. Matter 7 (1995) 8089;

10) Z. C. Xu, Z. Y. Zhao and C. L. Guo, J. Phys.: Condens. Matter 8 (1996) 5977; 11) Z. C. Xu, C. L. Guo and Z. Y. Zhao, J. Phys.: Condens. Matter 9 (1997) L275; 12) B. W. Batterman, Phys. Rev. 133 (1964) A759.

ODNOS ANOMALNE TRANSMISIJE I NEGATIVNOG GA“SENJA U BRAGGOVOM SLU “CAJU

Podrobno se razmatra odnos anomalne transmisije i negativnog ga“senja za simetri“can Braggov slu“caj. Negativno ga“senje je posljedica anomalne transmisije i najveťce je kada je difrakcija uzrokovana samim imaginarnim dijelom atomskog faktora raspr“senja u blizini apsorpcijskog ruba. Pojava negativnog ga“senja ovisi takoder o temperaturi, “sto se mo“ze primijeniti za prepoznavanje teorijskog modela pri izra“cunavanju Debye-Wallerovog faktora.