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INELASTIC NEUTRON SCATTERING
AND LATTICE DYNAMICS OF METALS IN QUASI-ION APPROXIMATION

XYy o BT
1. INTRODUCTION *) -

This report contains results of lattice dynamical calculations which were
made on the basis of the pseudo-ion model 1) described in Part I 2) » The
reduction of the experimental inelastic neutron data to pseudo-ion form fac-
tors was done by means of a non-linear least square fitting program, called
PSAF. Using another program, SKFD, frequency distributions and dynamical
structure factors have been computed. These quantities are essential for any
calculation of electrical and thermal resistivities or of thermodynamical
quantities like specific heats, Debye temperatures or Debye-Waller factors.
The computation of the latter quantities is done by a program called CVDWF,

Listings of the mentioned FORTRAN-4 programs are given in the Appendix.
2. MODEL

In this passage we recall briefly our model and the underlying assumptions.

The interaction energy E(K) between any two lattice particles including 2nd

order effects may be written as 3, ¥)

E(K) = Edir(K) + Eind(K)
; 2 2 ,
 umelz? { R0 i (10 -1 )} (1)
Y 2 2 e(K)
(o) K K

The first term is the direct Coulomb interaction energy between two extend-
ed ions with form factors Gc(K)’ which go to 1 for K+0. The indirect inter-

action via the valence electrons is determined by the form factor

Gind(K) = GC(K) -G (K) (2)

orth

Gorth(K) is the form factor describing orthogonalization effects, for K+0 it

goes to zero, i.e. G (K) corresponds to a neutral 'charge' distribution.

orth

The dielectric function e(K) is given by

k2
() = 1 + — D(t) , (3)
K
2 _ - . . . .
where kc = ukF/wao and t = K/2kF (kF' Fermi wave vector, a: Bohr radius).

*) Manusoript received on 5 May, 1969.
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D(t) = 1 in the Thomas-Fermi approximation. In the RPA approximation it
. . 5)

is given by
1 -t

4t2

3)

D(t) = £(t) = % + in | ()

1-t

Including exchange effects we have

2
D(t) = <1 - ~--3-t—~2—> £(t) (5)

2 + 6t

and if we take into account also the fact that the indirect interaction it-
self is modified by exchange effects 3), we may define an effective dielec-

tric constant using

ALV (6)

Z
. -g(i‘g)g_t_)_
8 kF 1+3t2

D(t) =

The corresponding dielectric function will be called e*(K).

Equation (1) may be reduced to the following screened interaction between

pseudo-ions

2
une2z2 GM(K)

3
Qo KQE(K)

E(K) = (7)
where the model form factor GM(K) = Gind(K)' This reduction is possible un-

der the following assumptions:

a) the ion cores are small and non-overlapping,
b) the form factors are radially symmetric,
c) the ions behave as rigid particles, i.e. during vibration no moments are

excited.

Since (7) is an interaction between extended particles and since it depends
explicitly on volume, the validity of the Cauchy relations is not required.
GPA(K) = GM(K)/E(K) + 0 for K+0, thus this quantity characterizes a neutral

6)

particle, the so-called pseudo-atom ~°. The pseudo-atom is composed of the

bare particle G(K) and the screening cloud GSCL(K) = - G(K)(1 - 1/e(K)).

If the assumptions a), b) and c) are justified for a certain metal, the po-



tential

2, G, .(K)
V(K) = - *re 2 _ind

8 Ke(x)

(8)

with €(K) calculated using equation (5) is a valid pseudo-potential, as seen
by an electron. Otherwise equation (7) with D(t) from equation (6) should be
considered as suitable interpolation formula, which may be used to compute

all purely dynamical quantities like phonon frequencies and eigenvectors or

the phonon density of states.

For the numerical calculations the following form factor has been assumed

2

_ K‘?n
Gu(K) = {1+] B -2-) (9)

K
n+1( } exp -(Bl 3 )

n=1

The parameters Bi are found by non-linear least square fitting to disper-

sion curves obtained from inelastic neutron scattering experiments.
3. PROGRAMS

Three programs have been written to obtain information on lattice dynamical
properties of metals, The basic program is called PSAF, it gives the parame-

ters Bi of the model form factor G,(K). The program is based on iterative pro-

cedures, as discussed by MarquardtM7). At each step the parameters and the cor=
responding values for G(K), V(K) and E(K) are calculated. The computation is
interrupted when the least square deviations between theoretical and experi-
mental frequencies correspond to the experimental errors of the points of the

dispersion curve,

A second program is used to calculate the frequency distribution g(v) and
the structure factor S(K) using E(K), resp. G(K), with the parameters obtained
by PSAF, In order to reduce the computation time for g(v) the interpolation
procedure of Gilat and Raubenheimer 8) has been adopted. The main importance

9)

of S(K) lies in its application to electron scattering problems .,

The program CVDWF has been written to calculate lattice specific heats,
Debye=Waller factors and effective Debye temperatures on the basis of the fre-

quency spectra which are obtained by SKFD,



4, RESULTS

Using the program PSAF we have analyzed the experimental dispersion curves

10) 1) 12), rubidium 13), copper 14), alumi-
18)

19)

of lithium

nium 15), lead

s sodium
16)

, potassium

17)

, iron , nickel and platinum . The parameters of

the form factors, defined in equation (9) are given in Table 1, 2 and 3., With
sop(K)s B(KI/EX(K), G(K)/e(K),
V!(K) and V(K), results are shown in Figs. 1 - 10. The following Figs. 11 - 20

these parameters we have calculated G(K), G

show the corresponding dispersion curves together with the experimental data

on which the fitting processes had been based.

By means of the program SKFD the frequency distribution g{v) and the struc-
ture factor S(K) for each metal have been computed and are shown in Figs. 21-
33, Finally, using program CVDWF and g(v) from SKFD the effective Debye tempe=-
ratures ecal(T) and 02H(T) have been computed, corresponding curves are given

in Figs. 34 - 36,
5. CONCLUSION

Programs and results have been presented which are based on the pseudo=-ion
approximation, proposed in Part I, Our results show that using this approxima-
tion one is able to reduce the neutron data to a simple physical model from
which it is straightforward to calculate the essential phonon properties of
a metal like the phonon density of states, the phonon frequencies and the pola-
rization vectors at arbitrary points in reciprocal space. Results have been

obtained for 10 cubic metals.
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TABLE I

Metal (2) Li(1) Na(1) K(1) Rb(1)
T % 98 90 9 120
B, 1,30000  1.00000 1. 30000 1. 30000
B, -3,79414%  ~0,318u37 ~1,22754 -1,88127
B, 17,61009 -0,643353 1,43616 -0,18815
B, -25,41615  0,045230 -7,61127 -1,95735
By 16,65343  0,019116 6. 30042 1,21555
Bg -5,42617 -1,47425 ~0,19173
B, 0.80812

By -0,00131

B -0,00788
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'TABLE 2

Metal (Z) ) AL(3) Pb(4)

T %K 300 80 100
B, 1, 30000 0..90000 1, 500000
B, 3,33137 -0.49203 -2,986300
B, -17,08360 0.19462 64597300
B, 20. 16460 ~0.16264 ~0,734519
By -9,21830 0.00608 -0,625849
By -1,53078 -0.00371 1.577600
B, 0,05365 -0.325560
Bg -0,05197 ~0,118370
By , 0.025482
Bio 0,005343
By, -0,000271
By, ~0,000196
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TABLE 3
Metal (Z) Fe(2) Ni(O0.5u4) Pt(1)
T % 300 296 300
B, 1,00000 1.00000 0. 85000
B, 1.75893 ~6, 14528 ~1,23000
B, ~1,53882 1.98451 0.61388
B, 1,33014 -2,58300 0,31761
i B ~0,52898 0.46579 -0,21167
|
. B 0,06146 -0,12287 0.03149
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FIGURE CAPTIONS

Fig,

Fig,

1

11

Fig., 21

Figo

Fig.

31

34

10

20

30

33

36

Characteristic functions of Li, Na, K, Rb, Cu, Al, Pb, Fe,

Ni and Pt
Dispersion curves of Li, Na, K, Rb, Cu, Al, Pb, Fe, Ni and Pt

Phonon frequency distributions g(v) of Li, Na, K,Rb, Cu, Al,
Pb, Fe, Ni and Pt

Structure factors S(X) of Li, Na, K, Rb, Cu, Al, Pb, Fe, Ni
and Pt

Debye characteristic temperatures of the lattice specific
heat (Gc) and of the Debye-Waller factor (Gw) for Li, Na, K,
Rb, Cu, Al, Rb, Fe, Ni and Pt















































































































APPENDIX I - PROGRAM PSAF
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