163 ENERGY DEPENDENCE OF
“Above I”-type damage for copper has been noted as
being independent of atomic recoil energy,! whereas for
aluminum, this quantity decreases with decreasing
energy. Another difference between these metals con-
cerns the subthreshold damage which occurs for copper
samples’® but has not been verified for aluminum by
the recent experiments of Neely and Bauer.!? Because
of the limited amount of information that is presently
available about these effects, their origin is necessarily
speculative. It is assumed that these differences in
behavior do not depend upon intrinsic properties of a
solid, and therefore their interpretation will not conflict
with the explanations given in this paper.

To isolate I¢ from Ipz, an energy parameter (') is
defined. This parameter successfully accounts for the
noted energy variation of the I¢ and Ip,z recovery
stages in terms of calculated and experimental curves
shown in Fig. 6. To improve the agreement of these cal-
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culations, more detailed information must be obtained
concerning the functions which describe crystal prop-
erties. A second use of the 7'y parameter deals with the
determination of an energy width AT.. The ratio of
AT, of aluminum with respect to that of copper has
been calculated from experimental and theoretical
work. In terms of the accuracy with which these quanti-
ties are presently known, this method of comparing
aluminum to copper appears to be quite satisfactory.
The present agreement between these values for this
ratio certainly justifies further considerations concern-
ing the validity of the T'q parameter.
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The absolute integrated intensities diffracted in anomalous transmission through nearly perfect crystals
of copper were measured for various wavelengths and reflections by means of a double-crystal spectrometer.
Great care was taken to mount and support the crystal in such a way as to minimize the effect of elastic
strains. The experimental data are compared with those calculated by using: (1) the formulas of the dy-
namical theory of diffraction, (2) the semiclassical theory of photoelectric absorption to determine the
ratio between the dynamical and the average absorption coefficient, and (3) the experimental value of the
average absorption coefficient. The agreement between experiment and theory is satisfactory provided
that the Debye temperature of Cu is taken equal to about 300°K. This value is in good agreement with
that reported from the dependence of anomalous transmission intensities on temperature, but it is some-
what lower than the Debye temperature (315-317°K) deduced from data obtained by neutron inelastic
scattering, Bragg x-ray measurements on powders and single crystals, and calculations from specific-heat
data. An analysis is made of the various factors which can influence the experimental or calculated in-
tensities, such as lattice defects, thickness measurements, ratio between dynamical and average absorption
coefficients, contribution of the thermal diffuse and Compton scatterings to the absorption coefficient of
x rays, and the choice of the Debye temperature.
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INTRODUCTION

HERE is extensive literature on the experimental
quantitative determination of x-ray intensities
diffracted by perfect crystals in the Bragg and in the
thin-crystal Laue cases, and the agreement with the

* Research sponsored by the U. S. Atomic Energy Commission
under contract with Union Carbide Corporation.

values calculated by means of the formulas of the
dynamical theory of diffraction is quite satisfactory.
Similar measurements on the intensities diffracted in
anomalous transmission through thick perfect crystals
are scarce. The greater sensitivity of anomalous trans-
mission to small concentrations of lattice defects and to
elastic-strain gradients is often an obstacle for obtain-
ing experimental results characteristic of a perfect
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MONOCHROMATOR

Symetrical Case—Parallel Geometry.

F16. 1. Diagram of double crystal geometry used
for absolute intensity measurements.

crystal. A further impediment, which concerns the
precision of the calculated values, comes from the
fact that the intensities diffracted through thick
crystals are strongly dependent on the difference
between the average and dynamical x-ray absorption
coefficients, even in the case of low-index reflection.
This difference is not known with sufficient precision
because of (a) the contributions by the various x-ray
scattering phenomena (thermal, photoelectric, and
Compton), and (b) the accuracy in the value of the
Debye temperature. The average and dynamical
absorption coefficients have instead a relatively small
influence on the intensities of low-order reflections in
the Bragg and thin-crystal Laue cases.

Hildebrandt and Wagenfeld! measured x-ray inte-
grated intensities diffracted in anomalous transmission
through perfect crystals of Ge with Mo K« and Cu Ka
radiations, and for several reflections. The value of
ex=F"(hkl)/F" (000), which they derived from the
experimental data, was in good agreement with that
calculated by using a semiclassical theory of the
photoelectric absorption of x rays. The Debye tem-
perature of Ge, which enters in the Debye-Waller
factor exp(— M) for the imaginary part of the structure
factor, was taken equal to the value obtained from
experiments on the temperature dependence of diffrac-
tion peaks in the Bragg case and from a computation
of the frequency spectrum on the basis of neutron
inelastic-scattering experiments. Integrated intensities
in anomalous transmission for the {111} reflections
by nearly perfect copper crystals were previously
reported by Nicklow, Sherrill, and Young? These
authors found that the experimental values of e
were about those which should be expected on the
basis of the theory and of the Debye-Waller factor for
Cu. The purpose of the present work is to report on
absolute measurements of integrated intensities made
on the above and other Cu crystals for various reflec-
tions and different wavelengths. The experimental
data are compared with those calculated by using

( 1G. Hildebrandt and H. Wagenfeld, Acta Cryst. 16, A160
1963).

2R. M. Nicklow, F. A. Sherrill, and F. W. Young, Jr., Phys.
Rev. 137, A1417 (1965).
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values of (e)x for Cu (the subscript O refers to a
lattice with no thermal vibrations) as calculated by
Merlini and Van der Voort.? The various factors which
can affect the experimental and the calculated in-
tensities are discussed in the light of the available
data on the Debye temperature of Cu, and of the
possible contributions of Compton and thermal diffuse
scatterings to the absorption of x rays.

EXPERIMENTAL PROCEDURE

Absolute integrated intensities were measured by
means of a double-crystal spectrometer in the manner
described previously.? Figure 1 shows the geometrical
arrangement for the symmetrical case of anomalous
transmission.

In this paper we shall be primarily concerned with
only the Borrmann diffracted (or reflected) beam
intensities. Although measurements were also made of
the Borrmann forward diffracted (or transmitted)
beam intensities, these values will not be reported
here. The average beam size on the samples was
0.1 cmX 0.3 cm. The samples were lamellas 1 cmX1 cm
in cross-section acid sawed* from 99.9999,4 copper
crystals with a density of dislocation lines <500/cm?
(except for 77-1-3) and were etched in HNOj or electro-
polished to thicknesses f, of 0.014<%<0.22 cm.
Surface preparation was not found to be as critical
as that observed for germanium.® For samples prepared
by etching in HNO;, small differences in Borrmann
intensities were sometimes observed when the entrance
and exit surfaces of the crystals were reversed. Subse-
quent etching nearly always removed these small
differences. The sample thickness f{, was measured
nondestructively to a precision of about &5 u with a
shadowgraph for crystals of thickness >0.04 cm, or
with Ag Ka x rays to about 19, for crystals <0.04 cm.
Silver, molybdenum, copper, and chromium Ka radia-
tions were used, and 111, 200, 220, and 222 symmetrical
and asymmetrical reflections were studied.

The principal experimental difficulty in measuring
the integrated intensities was in avoiding elastic strain
in the lamellas. Most of the crystals had been neutron-
irradiated with 107 9f to pin the dislocations and thus
avoid accidental plastic deformation. Some of these
crystals were soft-soldered to copper handles; others
were held in graphite holders by very light pressure
contacts. In all cases a number of experiments were
carried out to determine whether any elastic strain
resulted from the mounting techniques. Borrmann
topographs® were routinely taken and often showed
small elastic strains in the vicinity of the solder junc-

3A. Merlini and E. Van der Voort, Euratom Report No.
1643.e, 1964 (unpublished).
( 4 F.)W. Young, Jr., and T. R. Wilson, Rev. Sci. Instr. 32, 559
1961).
5 B. Okkerse and P. Penning, Philips Res. Rept. 18, 82 (1963).
¢F. W. Young, Jr., T. O. Baldwin, A. Merlini, and F. A.
Sherrill, Advances in X-Ray Analysis (Plenum Press, Inc., New
York, 1966), Vol. 9.
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tions but none in the center of the crystals, where
measurements were taken. In the case of crystals
mounted in the graphite holders, the pressure contacts
were loosened until topographs showed no evidence of
strain. In addition, double-crystal measurements were
made using both %kl and 7kl reflections for all crystals;
and any elastic strain generally was indicated by a
difference in these integrated intensities.5” The pressure
contacts were loosened until the integrated intensities
for both the kkl and Akl reflected beams agreed to
within 39,. Also, the ratio of the intensities of the
transmitted and reflected beams was compared with
the theoretical value.

To measure the power of the incident beam, carefully
calibrated absorbers were used for all the crystals.
Errors in incident beam intensity are small and, if
present, could produce only a small systematic error
in integrated intensities.

THEORY

The formulas used for the calculation of the inte-
grated intensities, those given by Kato,® and the
expressions used to take into account the polarization
of the beam reflected by the monochromator were
reported in a previous publication.? Only the formula
of the integrated intensity of the reflected beam Ry
for the case of an incident x-ray beam plane polarized
is given here with the exact value of k:

Kr.NNFy" ( 1 )1/2
8h

o —— | e (ut—h)
w2([b])¥2 sin265

1 9
X[ttt ], @
8k 2 (8h)?
where 7, is the classical radius of the electron, N is the
number of unit cells/cm3, K is the polarization factor,
and b=+o/vg is the ratio of the direction cosines of
the incident and transmitted beams with respect to the
surface normal, respectively. Fg" is the real part of the
structure factor for the reflection H, X is the x-ray
wavelength, 65 is the Bragg angle, u is the linear
absorption coefficient of x rays, i=1{/2[1/vo+1/vx] is
the effective thickness of the crystal, and k= (ufo/2v,)
X{(1—0b)*44bK?e}'7? and ¢ is the ratio of the imagi-
nary parts of the structure factors for the reflection H
and the forward direction. This ratio is equal to that
for the imaginary parts of the atomic-scattering factors
if all the atoms of the unit cell scatter in phase. In the
symmetrical case, h=utKe, and (1) takes the well-
known form used elsewhere.?
In order to calculate e, the various phenomena which
contribute to the absorption of x rays should be taken
into consideration. Absorption due to the photoelectric

7P. Penning and D. Polder, Philips Res. Rept. 16, 419 (1961).
8 N. Kato, J. Phys. Soc. Japan 10, 46 (1955).
9 B. Okkerse, Philips Res. Rept. 17, 464 (1962).
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effect only is considered in this section. In fact, phonon
excitation and Compton effect are a small contribution
to the total absorption coefficient for the wavelengths
of interest. However, since the dependence of absorp-
tion with the scattering angle is expected to be much
greater for Compton scattering and phonon excitation
than for photoelectric scattering, one cannot exclude
a priori a contribution of these scattering phenomena
to ¢ as discussed elsewhere.!® An evaluation of their
influence on the diffracted intensities and on the total
x-ray coefficients is examined in the discussion. The
theoretical work by Ohtsuki® and by Dederichs? (in
the case of photoelectric absorption) and a number of
experimental results®316 show that the dependence
of e on temperature is, to a good approximation, the
same as that for the real part of the atomic scattering
factor
€= eoe"M ,

where eo= furi’/ fo! applies to the lattice with the atoms
at rest.

Following the procedure of Wagenfeld!” and of
Merlini and Van der Voort,® we assume the incident
photon to be polarized along the ¥ axis and to have a
propagation vector Ko parallel to the x axis with a
wave number K, The imaginary part of the atomic
scattering factor,'® which corresponds to transitions of
the atomic electron from bound states to continuum
states with absorption of the photon, is given at zero
scattering angle by*

2

b

. wh?
fo=—2_|
m i

W
/ 1],”, —iKoxi_&dT
9y;

where the sum Y_; is extended to all the electrons of the
atom, ¥, is an electron wave function (real) of the
continuum (only excitations to continuum states are
considered here), and ¢; is the wave function of the j
electron in the atom, % is the rationalized Planck
constant, and m is the mass of the electron. The ex-
ponential inside the integral is expanded in a Taylor
series, and only terms up to K¢ are retained.

10 C. Ghezzi, A. Merlini, and S. Pace, Boll. Soc. Ital. Fis. 50,
59 (1966); C. R. Hall and P. B. Hirsch, Proc. Roy. Soc. (London)
A286, 158 (1965).

1y, H. Ohtsuki, J. Phys. Soc. Japan 19, 2285 (1964).

12 P, H. Dederichs, Physik Kondensierten Materie 5, 347 (1966).

13B. W. Batterman, Phys. Rev. 134, A1354 (1964); O. N.
Efimov, Acta Cryst. 21, A161 (1967).

(1;46% Ghezzi, A. Merlini, and S. Pace, Nuovo Cimento 40B, 58

16 C. Ghezzi, A. Merlini, and S. Pace, Boll. Soc. Ital. Fis. 46,
18 (1965).

1 D. Ling and H. Wagenfeld, Phys. Letters 15, 8 (1965).

17 H. Wagenfeld, Phys. Rev. 144, 216 (1966).

8 The relation between the atomic cross section o for photo-
electric absorption and the imaginary part of the scattering factor
fof is e=2r:\fo*. The linear absorption coefficient u is equal to
Nato, with N equal to the number of atoms/cm3.

'H. A. Bethe and E. E. Salpeter, in Encyclopedia of Physics,
edi;gg by S. Fliigge (Springer-Verlag, Berlin, 1957), Vol. 35,
p. 334.
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TasLE I. Values of ¢ and e cos26 for Ag K, Mo K,, Cu K., and
Cr K, radiations, and for a series of reflections.

BALDWIN, YOUNG, AND MERLINI

Ag Ko Mo Kea Cu Ka Cr Ka
hkl el el cos20 et  eoll cos20 et  eoll cos20 et  eoll cos20
111 0.9984 0.9594 0.9983 0.9368 0.9932 0.7065 0.9888 0.3778
200 0.9979 0.9458 0.9977 0.9165 0.9910 0.6165 0.9851 0.1758
220 0.9959 0.8920 0.9954 0.8327 0.9820 0.2404 e LR
313 0.9943 0.8520 e oo oo
222 09938 0.8389 0.9932 0.7513 0.9729 0.0881
400 0.9917 0.7857
4%2 0.9876 0.6812
333
151} 0.9861 0.6425
Then

fit =% [+ Ko (r®+n7®)].
i

Here 7;7® is the term corresponding to the electric-
dipole approximation. This term, which is usually the
only one taken into consideration in the calculation of
the photoelectric-effect cross sections, is by far the
greatest one. Its expression is

hZ , 2
n1f(°)=w—</¢"'%dr> .
m ay;

Here 7,7® is the second-order dipole term:

wh? W W;
771i(2>_—_ _—</¢n"—id7'></¢n’xj2——id7'>;
m 9y; 9y;

and 799® is the first quadrupole term:

o wh? i \?
n21<2)=——</¢n,x,——d~r> .
m \. 0y;

J

The expressions for the electric-dipole terms, second-
order dipole terms, and the first quadrupole terms,
obtained by taking the hydrogenic wave function for
the continuum states ¥,» and for the bound states y; of
electrons in K, L, and M shells, have been published
by Wagenfeld.!”

In the present work the 7,7® were calculated for
copper for the electrons of the K, L, and M shells,
the 7,7® and 5,7® for the electrons of only the K and
L shells. The calculated values of the linear absorption
coefficient for four characteristic wavelengths are given
in Table IT and are discussed below. From the depend-
ence of the first quadrupole term on the scattering
angle,?0 the expression of e* (relative to the component
of the radiation with perpendicular polarization) is
obtained;

8n? Z.’i 1)2ﬂ2) /sin() 2
eol= 1- . . . BN
Crd O+ K (n?®+n/® I\ A

A similar expression, but with a different dependence
on the scattering angle is found for € (relative to the
component of the radiation with parallel polarization).
The values of € and e!! cos20 (e is of interest here
only for low-index reflections by relatively thin crystals)

2 H. Honl, Ann. Physik 18, 625 (1933); H. Eisenlohr and G. L.
J. Miiller, Z. Physik 136, 491, 511 (1954).
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are given in Table I for four characteristic wavelengths
and various reflections.

RESULTS AND DISCUSSION

The experimental and calculated values of the linear
absorption coefficient p for the four characteristic
wavelengths of interest are given in Table II. The
contribution upg of the photoelectric effect on the
electrons of the K, L, and M shells, which is by far the
most important part of the total absorption coefficient,
was calculated by using the procedure illustrated in
the previous section. The inner screening numbers s
calculated by Slater were employed to determine the
effective atomic numbers Z—s.2* The slightly different
screening constants by Duncanson and Coulson” give
calculated values of upg which coincide with those of
Table II within the range of the experimental error.
It was found that the electrons of the L and M shells
contribute about 10 and 29, respectively, of the
amount due to electrons of the K shells in the case of
Ag Ko and Mo Ka radiations. For Cu Kea and Cr Ka
radiations the electrons of the M shells contribute only
about 2.59%, of the amount due to electrons of the L
shell. The contribution urps of thermal diffuse scatter-
ing to the absorption, which increases with temperature,
was calculated for T=295°K and for an incident beam
of unpolarized radiation by using a theory based on
the Einstein model for the vibrating crystal.!® Since
the experimental data for u.t Were obtained by measur-
ing the transmission of monochromatic radiation
through polycrystalline samples, the contribution ups
of the Bragg scattering to absorption was calculated
by summing the intensities of the rays diffracted by a
volume element of a crystalline powder (with no
preferred orientations) over all the possible Debye-
Scherrer reflections. The x-ray incident beam was
assumed to be unpolarized. The contribution from
Compton scattering which is included in pto is =1
cm~! in the case of Ag Ka, Mo Ko, and Cu Ka radia-
tions and somewhat less for Cr Ka radiation.?

The agreement between experimental and calculated
value is very good in the case of the Ag Ko and Mo K«
radiations, for which photoelectric absorption is
mainly due to excitation of electrons of the K shell. For
CuKa and Cr Ka radiations instead, the calculated
values range 20-30%, lower than the experimental ones.

TasiE II. Average linear absorption coefficients u; in cm™ for
Ag Ka, Mo K,, Cu K,, and Cr K, radiations. PE refers to photo-
electric effect, TDS to thermal diffuse scattering, and BS to
Bragg scattering.

. Calculated values Experimental
X (A) MPE MTDS KBS Mot H(tot)
0.561 225 1.84 2.57 229 22442
0.710 432 2.12 3.83 438 43846
1.54 337 2.44 11.56 347 44646
2.29 1061 2.09 13.96 1071 1364120

21 G. W. Grodstein, Natl. Bur. Std. (U.S.) Circ. No. 583 (1957).
2 A, J. Bearden, J. Appl. Phys. 37, 1681 (1966).
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TasLE III. Experimental and calculated values of integrated intensities of Cu crystals. b (=1 in the symmetrical Laue case) is the
ratio between the direction cosines of the incident and transmitted beams. f is the thickness of the crystal.

Integrated intensitiesX 108

Mo Ko Cu Ke Cr Ka
Calc. ® in °K Calc. ©® in °K Calc. ® in °K

Crystal b to (cm) Expt. 300 315 Expt. 300 315 Expt. 300 315

111 reflection
UC6-10 1 0.014 403. 424, 433.
UC6-4 1 .027 187. 217. 226.
1161 1 .0385 130. 139. 146. 206. 202. 214. 33.5 29.0 35.2
UC6-1 1 0.0648 61.3 61.2 66.9
1162 1 0.0843 314 37.0 41.5 53.5 55.0 62.3
UC6-3 1 0.1255 14.6 14.7 174
UC6-9 1 0.1330 12.8 12.5 15.1
1163 1 0.2052 2.54 3.11 4.13 3.54 3.27 4.44
UC6-8 1 0.2174 2.12 2.48 3.35
U-4 0.88 0.0542 80.8 79.9 86.5 127. 129. 140.
U-4 1.13 0.0542 73.4 70.7 76.5
U-5 0.88 0.0556 74.0 76.5 83.0
U-5 1.13 0.0556 63.6 67.7 73.4

200 reflection
1161 1 0.0385 79.8 83.8 89.9 125. 128. 139. 7.41 8.18 10.7
1162 1 0.0843 18.1 18.0 21.0

220 reflection
1161 1 0.0385 19.1 19.2 22.1 30.7 28.4 33.6
1162 1 0.0843 1.63 1.75 2.38
U4 1 0.0542 8.27 8.00 9.71 10.4 9.45 11.9

222 reflection
UC6-10 1 0.014 51.8 54.9 59.2
UC64 1 0.027 12.3 15.2 17.6
1161 1 0.0385 6.07 5.93 7.26 5.02 4.59 6.09
U-4 0.885 0.0542 1.95 1.61 2.18 0.99 0.80 1.20

This discrepancy for longer wavelengths could probably
be eliminated by using Hartree or Hartree-Fock wave
functions in place of the simple hydrogenic wave
functions. The hydrogenic approximation, which is
satisfactory for the K electrons, fails to give a suffi-
ciently accurate description of the excitations of L and
M electrons. Since the energy of the incident x rays
is much greater than those of the L-absorption edges
of Cu, the photoelectric effect can take place well
inside the L shell, in regions where the effective screen-
ing constant is appreciably less than the average value
for the shell. It is worth mentioning that a decrease
of 159, in the screening constant of the L-shell electrons
determines an increase of about 109, in the calculated
value of the linear absorption coefficient of Cu Kea and
Cr Ko radiations.

The results of the integrated intensity measurements
are given in Table III. Each entry represents an average
of at least four experimental measurements. In general,
the experimental scatter was less than 39, and the
range of the experimental error is estimated as #+59,.
Also listed are two series of values of integrated in-
tensities calculated by using the experimental data of
the total absorption coefficients (Table II), the calcu-
lated values of e (Table I) and two Debye temperatures
©=315 and 300°K. Experimental values of the atomic
structure factors?® were used for the calculations. There

% 1. D. Jennings, D. R. Chipman, and J. J. DeMarco, Phys.
Rev. 135, A1612 (1964); B. W. Batterman, D. R. Chipman, and
J. J. DeMarco, ibid. 122, 63 (1961).

is a semiquantitative agreement between calculated
and measured intensities, but the experimental data
are considerably lower than those calculated with
©=315°K, a disagreement which is well above the
range of the experimental error for thicker crystals
and higher-order reflections. In order to explain the
origin of this disagreement, the following factors which
can affect the experimental or the calculated values of
the integrated intensities are discussed below: errors
in the measurements of the thickness of the crystal
fto and of the absorption coefficient u, elastic strain
and lattice imperfections present in the crystals, the
calculated values of €, neglect of the contributions
to the dynamical values of the absorption coefficient
by the thermal diffuse and the Compton scatterings,
and the choice of the Debye temperature used for the
calculations.

The relative error in the determination of the thick-
ness f decreases with increasing thickness and with
greater surface planarity of the crystal lamellas. If
the thickness were the only source of error, the per-
centage of the difference between experimental and
calculated values would remain about constant with
an increase in the thickness of the crystal. This is in
contrast with the data reported in Table III. By taking
various measurements (kkl and hkl for asymmetrical
reflections, different 4%/, different \) on the same
lamella, the effect of errors in #, were minimized. While
errors in #y and/or nonplanarity of the lamellas may
account for much of the scatter in the experimental
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TasLE IV. Relative and absolute intensities of crystal 77-1-3,
thickness 0.035 cm. (u is the linear absorption coefficient of x rays,
and ¢ is the effective thickness of the crystal.)

Calculated values

Experimental Debye temperature
Reflection ut values 300°K 315°K
(a) Relative intensities with Ag K, radiation.

Laue case
i1 8.6 1 1 1
020 10.1 0.53 0.50 0.50
202 159 0.091 0.120 0.130
131 8.5 0.104 0.134 0.140
131 21.7 0.0106 0.0144  0.0165
222 8.9 0.084 0.104 0.110
040 9.4 0.018 0.025 0.028
242 8.7 0.011 0.016 0.018
333 9.6 0.0058 0.010 0.012
151 9.6 0.0054 0.0073 0.0086

Bragg case
222 oo 6.3 4.34 4.27
333 ces 1.9 1.38 1.38

(b) Absolute intensities X 108 in anomalous trans-
mission with Mo K, radiation.

Calculated values

Experimenta] ~ Debye temperature
Reflection ut values 300°K 315°K
111 15.6 122. 152. 162.
222 16.3 5.30 7.44 8.97

results, they cannot account for the discrepancies
with the calculated values, especially in the case of
thick crystals. If the measured absorption coefficient
were slightly less than the true values, the difference
between calculated and experimental intensities would
increase linearly (in first approximation) with the
thickness of the crystal. In fact, it increases with
thickness, but the maximum evaluated error in the
experimental determination of u can, at most, account
for a small part of the discrepancies found with thick
crystals.

As mentioned above, a number of precautions were
taken to avoid elastic strain in the lamellas. It was
observed that for small strains the average of 7kl
and Akl measurements yielded good agreement with
the value for the unstrained crystal, the latter being
defined as that crystal for which both Ry and Rr
values of kIl and Akl reflections were equal. Results by
other authors®? on the effects of elastic strains in Ge
support these observations.

It was reported previously that the presence of a
limited number of dislocation lines and/or vacancy
clusters did not appreciably affect the measurements of
integrated intensity. Measurements of absolute and
relative intensities on crystal 77-1-3 containing about
210 dislocation lines per cm? (a factor of 10 higher
than in the other lamellas) are given in Table IV. The
agreement between calculated and measured absolute
intensities with Mo Ko radiation is worse than that
obtained for more perfect crystals. It appears that
dislocation densities of the order of 10? lines/cm? can
affect the integrated intensities in anomalous trans-
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mission. This conclusion is supported by the relative
intensities obtained with Ag K« for the (222) and (333)
reflections in the Bragg case and for higher-order
reflections in anomalous transmission. Defects such
as large clusters and dislocations were monitored by
topographs of the lamellas, but the irradiation used to
harden the crystal (in order to avoid plastic deforma-
tion) introduced defects which were not visible by this
technique. Information concerning the effect of neutron
irradiation on intensities diffracted in anomalous trans-
mission will be published elsewhere. As reported
earlier,” the integrated intensities of crystals irradiated
with 10'7 nof were slightly less than those of crystals
irradiated with 10 »o. In order to check this result,
crystal UC63, irradiated with 107 not, was annealed for
2 h at 500, 700, and 900°C. Topographs and intensity
measurements were taken before and after each anneal.
The same region of the crystal, the original thickness
of which was maintained throughout all the experi-
ments, was investigated each time and plastic de-
formation was avoided by careful handling. No signifi-
cant change in intensity was observed after the 500
and 700°C anneal, but a small (+6%,) increase of the
integrated intensity, barely greater than the scatter
of the experimental data, was observed after the 900°C
anneal. X-ray topographs showed that all of the as-
grown vacancy clusters were removed by the 900°C
anneal. Therefore, neither the dislocations nor the
defects introduced by neutron irradiation can account
for the difference between measured and calculated
intensities for @=315°K.

The calculated intensities are very sensitive to the
value of e=ee. For the {111} reflection, a change
in € of only 0.4%, can account for the difference between
calculated and measured intensities. A variation in the
value of e can come about either through the Debye-
Waller factor (by changing the Debye temperature)
or through the values of ¢ which could be affected by
the approximations made in the evaluation of photo-
electric absorption. The method employed to calculate
€0 for copper is the same as that used for germanium;
in the latter case a good agreement was reported
between theory and experiment.! A 159, smaller
screening constant for the L-shell electrons of copper
(a variation which gives 109, higher photoelectric
absorption coefficients for Cu Ke and Cr Ka radiations,
as explained above) does not affect appreciably the
values of e. In addition, for Mo K« and Ag Ka radia-

TasLe V. Dynamical values of the thermal-diffuse-scattering
linear absorption coefficients at 295°K in cm™ for a series of
reflections and Cu Ko and Mo Ke radiations.

Reflection Dynamical values of urps

indices Cu Ka Mo Ko
111 3.14 3.00
200 2.93 2.93
220 2.16 2.64
222 1.46 2.40
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tions the approximations made in the evaluation of the
photoelectric quantities o and p are quite satisfactory.
Hydrogenic wave functions are a good approximation
for the electrons of the K shell, and there is good agree-
ment between calculated and measured values of u.
Therefore, it appears unlikely that the discrepancy
between experimental and calculated (©=2315°K)
integrated intensities is a consequence of the calculated
values of .

The error Ae which is made by neglecting the contri-
bution of the Compton and the thermal diffuse scatter-
ing to the absorption is given by

_ [ (uc)oe— (uo) x4+ [ (urps)oe— (urps)z]

Mot

€

where p¢ and ursp are, respectively, the Compton and
thermal diffuse scattering corrections to the linear
absorption coefficient; the suffixes 0 and H denote the
average absorption coefficients and the dynamical
absorption coefficient, respectively. ust is the total
linear absorption coefficient. The contributions to Ae
from Compton scattering may not be negligible, but
since there is no theory on the dependence of (u¢)m on
the scattering angle, in this paper we consider only the
errors in e due to thermal diffuse scattering contri-
butions (Aerps). The values of (urps)z which were
calculated using the Einstein model of the vibrating
crystal’® are reported in Table V. In Table VI the
Aerps are compared with Aeg, the latter being the
difference in € for the two Debye temperatures 300
and 315°K. This comparison was made because the e
values corresponding to ©=300°K gave intensity
values in satisfactory agreement with the experimental
results. It appears that the TDS contribution is
appreciable for Cu Ka, but not for Mo Ka. However,
since the precision of the calculated values for (urps)m
and (urps)o cannot easily be assessed, it cannot be
determined from this table if the contributions due to
TDS are in fact negligible.

Values of the Debye temperature ®=315°K were
previously determined from x-ray measurements of
mean-square displacements on single crystals* and on
powder samples of Cu?®+?¢ in the Bragg case. In addition,

TaBLE VI. Variations (Ae)g of € due to the use of two different
Debye temperatures (300 and 315°K), and (Ae¢)rpg due to the
contribution of thermal diffuse scattering at 295°K.

Reflection (Ae) TDS
indices (Ae)e Cu Ka Mo Ka
111 0.0031 0.0012 0.0004
200 0.0040 0.0016 0.0006
220 0.0078 0.0030 0.0007
222 0.0111 0.0040 0.0010

2 P. A. Flinn, G. M. McManus, and J. A. Rayne, Phys. Rev.
123, 809 (1961).
(1;55 19)) R. Chipman and A. Paskin, J. Appl. Phys. 30, 1992
%, A, Owen and R. W. Williams, Proc. Roy. Soc. (London)
A188, 509 (1947).
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TasiLe VIL. Integrated intensities of crystal No. 1162 at room
and liquid-nitrogen temperatures. CuKe radiation reflected
from a curved quartz monochromator. hkl=111.

Absolute integrated intensities )X 108

Calculated
Debye temperature
T (°K) Experimental 300°K 315°K
Rnp Ry Ry Ry Ry Ry
77 125 136 131 138 136 143
295 52.5 55 53 55.9 60 63.3
Relative integrated intensities X 108
Experimental Calculated
Reflected Transmitted Debye temperature
beam beam 300°K 315°K
Ry
—_— 2.38 2.47 2.47 2.26
Rogs

calculations of @ from the frequency spectrum derived
from phonon dispersion curves of Cu yielded ®=317°K
for T=295°K,% in good agreement with the calculation
of Debye-Waller factors from thermodynamic data.?®
The intensities of Table III were calculated with both
©®=2315 and 300°K since there is evidence for a lower
“apparent” Debye temperature of Cu from experi-
ments on the temperature dependence of anomalous
transmission.!®®% Lijquid-nitrogen and room-tempera-
ture measurements on one sample 0.084 cm thick
(crystal 1162) were made and the results are reported
in Table VII. Both the absolute intensities at room
temperature and the ratios Ry7/Rss between the
intensities at liquid nitrogen and room temperature
confirm the fact that there is much better agreement
with the values calculated for ®=2300°K.

The conclusion is that the discrepancy between the
experimental data and those calculated with ©®=315°K
is to a good extent eliminated if the intensities are
calculated with ®,,=300°K. This value agrees with
the determination of the ‘“‘apparent” Debye tempera-
ture of Cu through measurements of anomalous trans-
mission intensities as a function of temperature.
However, it cannot be concluded that the Debye
temperature of Cu is 300°K rather than 315°K or vice
versa, since thermal diffuse scattering and anharmonic
contributions® to the “apparent” Debye temperature
are difficult to evaluate.

No single parameter adjustment can make the
calculated and experimental data agree perfectly, and
probably in specific cases defects, thickness errors,
etc., can account for some of the scatter in the data.
Actually, considering the many approximations used

2 R. M. Nicklow et al. (private communication).

2T, H. K. Barron, A. J. Leadbetter, J. A. Morrison, and L. S.
Salter, in Inelastic Scattering of Neuirons in Solids and Liquids
(International Atomic Energy Agency, Vienna, 1963), Vol. 1, p. 49.

% An apparent Debye temperature somewhat lower than that
calculated from neutron inelastic-scattering data has been found
even in the case of Ge. See Ref. 14.

3 T. O. Baldwin, Phys. Status Solidi (to be published).

31 H. Hahn, in Inelastic Scattering of Neutrons in Solids and
Liquids (International Atomic Energy Agency, Vienna, 1963),
Vol. 1, p. 37.
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in these calculations, it is encouraging that the agree-
ment between theory and experiment is as good as it
appears. It seems unlikely at present that further
refinements of the calculations of ¢ will improve the
agreement between calculated and measured intensities.
Precise calculations of the contributions of thermal
diffuse scattering, Compton scattering, etc., to the
Borrmann effect in copper may be more significant.

SUMMARY

Absolute values of integrated intensities in anomalous
transmission have been measured for almost perfect
Cu crystals varying in thickness from 0.014 to 0.22 cm.
Mo Ka, Cu Ka, and Cr K« radiations were used with
a double-crystal spectrometer for measuring the
intensities of the 111, 200, 220, and 222 reflections.
Relative and absolute values of integrated intensities
in anomalous transmission and in the Bragg case for
several reflections were measured with Ag Ke and
Mo Ka radiations for a crystal containing 2X10?
dislocation lines/cm?2.

Integrated intensities were calculated by means of
the formulas of the dynamical theory of x-ray diffrac-
tion. For these calculations the dynamical values of
the photoelectric absorption coefficients as a function
of the scattering angle were computed by using formulas
of the semiclassical theory of absorption of radiation.

Two Debye temperatures, 315 and 300°K, were used
for the evaluation of the Debye-Waller factor. For
©®=300°K, the calculated intensities are in better
agreement with the experimental ones, and there is
some experimental justification for this value of the
Debye temperature. These results should not be taken
as proof that the Debye temperature of Cu is 300°K
rather than 315°K. Apart from the above minor
discrepancies, the agreement of the experimental
intensities with those calculated by applying the
dynamical theory of diffraction is satisfactory.

For ©;=315°K, the generally accepted value,
calculated intensities were systematically higher than
experimental ones. This work shows clearly that there
are a number of factors, such as (1) the thickness and
the strain (or the defects) of the crystal, (2) the exact
value of the “apparent” Debye temperature, and (3)
other x-ray scattering effects which should be taken
into consideration for any significant comparison
between calculated and measured values of intensities
diffracted in anomalous transmission.
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The thermopower of 99.999% pure, polycrystalline aluminum has been measured from 4.2 to 300°K
using Pb as the standard, and from 300 to above 700°K using Au and Cu as alternative standards. The
thermopower is negative at all temperatures with a phonon-drag peak occurring at about 75°K. From
200 to 300°K the thermopower S is well-described by the relation S= —2.34X103T7—284/T uV/°K. The
thermopowers determined against Au and Cu are not quite the same above 450°K, showing a difference
of about 0.1 uV/°K at 700°K. However, each set of data is consistent with the form S=—4 T—B/T (4
and B are positive constants); and a reasonable average for the two standards is given by

= —3.00X10-3T—229/T uV/°K, for T>300°K. These two terms are interpreted as representing diffusion
thermopower and phonon-drag thermopower contributions, respectively. If this interpretation is correct,
it represents the first clear example of a nonzero phonon-drag thermopower in a metal at temperatures
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above 300°K.

INTRODUCTION

IT is generally assumed that the thermopower S of
very pure, simple metals can be described as the sum
of two terms: a diffusion contribution S, associated with
the spatial redistribution of conduction electrons in the
necessary temperature gradient, and a phonon-drag
contribution S, arising from the interaction between

* Supported by the U. S. Atomic Energy Commission.

the electrons and the nonequilibrium part of the phonon
distribution produced by this temperature gradient. S.
and S, in turn, contain contributions from two types of
electron-phonon interaction: normal electron-phonon
scattering, in which the total crystal momentum of the
incoming electrons and phonons is transferred un-
diminished to the outgoing electrons and phonons; and
umklapp scattering, in which some crystal momentum
is given to the crystal lattice (a reciprocal lattice vector



