
OE'bE.D.HHEHHbi tJ 
HHCTHTYT 
~.D.EPHbJX 

HCCnE.D.OBAHHM 

.D.y6Ha 

II • -I 

El4 - 3825 
I 

I.Natkaniec, K.Parlinski, J.A.Janik, 
A.Bajorek, M.Sudnik-Hrynkiewicz 

I _. LOCAL VIBRATIONS OF .IMPURITY ATOMS 

IN COPPER AND LEAD ... 
1: 

I 
i 
~ 1968 



. 
N 
......... 

)<o) 

El4 · 3825 

I.Natkaniec, K.Parlinski, J.A.Janik:) 

A.Bajorek. M.Sudnik-Hrynkiewicz 

LOCAL VIBRATIONS OF IMPURITY ATOMS 

IN COPPER AND LEAD 

I nstitute o f N uclear P h ysics , K rak6w, Pol a nd. 

\~ ""-;~ - · .. . .,. - - --·-:-.~--- :·~ ......... ·.'·7~ 
_; •• • 1 • •• • I , ._. , 

·' · ~ .· .. £r··u,. !...k..,._..t .: -~·. -. :....~ - •. 
~ 

.. ,: 1 .· J\'"- ;, !.' , ~- · , ~.- r '\ 
.#<-· .... - - ..... _. .. .. - ~ .... 



HaTKaHeu H. , napnHHbCKH K., RHHK E .A., Eai!opeK A. , 
CynHHK-XpbtHKeBH'I M, , E 14-382 5 

JloKanbHble Kone6aHHSI npHMeCHbiX _aTOMOB B MenH H CBHHUe 

MeTonoM aeynpyroro pacceSIHHSI aei!TpOHOB 6btnH onpeneneHbi saeprHH no
KanbHbiX Kone6aHHA nerKHJLUp.HMec~A aTOMOB B cneayiOlUHX cnnaBaxc Cu-Be 

/(42:!;.2)MsB/ , Cu- Mg /(34,5!2)M9B/, Ph- Na /( 17:!:_l)M9Bf HPb- Mw'( 16:!:_1-)MsB/, 

CTpyKTypa HCcnenyeMblX o6p83UOB 6btn8 OUHOBpeMeHHO npoBepeHa MeTOUOM 

ynpyroro 6psrroBcKoro pacceSIHHSI aei!TpoHoB, Jlng Bcex cnnaBoB sKcnepHMeH

TanbHO nony'!eHHble 9HeprHH nOK8nbHbiX KOne6aHHi! MeHbllle 3H8'!eHHi!, Bbl'IHCneH 

Hb!X B npennono>KeHHH, 'ITO CHnOBbJe nOCTOSIHHble npHMeCHOrO 8TOM8 p8BHbl CHnOB

BbiM nocTOSIHHbiM STOMOB MaTpHUbi, Ha OCHOBSHHH 9KcnepHMeHTanbHbiX 3Ha'!eHHi! 

9HeprHi! nOKSnbHbiX KOne6aHHi! U8H8 OUeHK8 H3MeHeHHSI CHnOBbiX UOCTOSIHHbiX 

npHMeCHbiX 8TOMOB, 

flpenpaHT O~eaaae&soro KBCTBTyTa aaepawx accneaoaaBBI • 
.llyCSaa, 1967. 

Natkaniec I., Parliriski K . , Janik J.A. , Bajorek A., 
Sudnik-Hrynkiewicz M. 

E14-3825 

Local Vibrations of Impurity Atoms in Copper and Lead 

The inelastic neutron scattering technique was applied in d ete r
minations of the energy of the local vibrations of light impurity atoms 
in the alloys : Cu-Be/(42 + 2) meV /, Cu- Mg /(34·5 + 2) meV / , Pb-Na/ 
( 17_!' 1) meV/, and Pb-Mgr( 16 ~ 1) -neV /. The structure of the e xami
nea samples was checked simultaneously by means of the elastic 
Bragg neutron scattering technique. For all alloys the energies of the 
loca l vibrations are lower than the values calculated with the assump
tion that the force constants of the impurity atom are equal to those 
of the host crystal, On the basis of the experimental values of the 
local vibration energy the change in the force constans for the impu· 
rity atoms was estimated, 

Prept-int. Joint Institute for Nuclear Research. 
Dubna, 1967. 
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I. Introduction 

The insertion into a crystal lattice site of an impurity atom of 

mass smaller than of the matrix atom may give rise to l ocal vibra

tions of a frequency higher than the · maximum of the vibrations of 

the crystal /1,2/. Experimental determination of the parameters of the 

local vibrations of light impurity atoms in the crystal lattice makes 

it possible to estimate directly the values of the impurity a tom force 

constants and in alloys to estimate indirectly the variation in the 

conduction electron density. The results of the studies /J-6/ show 

that the method of inelastic neutron scattering may be particularly 

useful here. The purpose of this work, being a continuation of /?/, 
is to determine the energy of the local vibrations in binary alloys of 

copper and lead with light metals. Further aim of the work was to 

find samples for which the scattered neutron intensity would be 

high enough to allow subsequent det<'!rmination of such parameters 

as the width, shift, and shape of the local vibration peak, which 

describe the anharmonicity introduced by the impurity atom. 
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II. Theoretical Remarks 

The interaction potential of the atoms in a pure metal (anci !thus 

its force contstants) consists of the Coulomb potential of the bare 

ionic cores and the potential of interaction via the conduction elec

trons in which the interaction of electrons with an ionic core is des-

c ribed by a p seudopotential and the screening interaction is described 

by the dielectric constant of the metal. By means of a potential de

fined thus it is possible to calculate the dispersion curves of pure 

metal s with satisfactory accuracy /8, 9/. 

The presence of the impurity atom introduces another local 

pseudopotential, c h aracteristic of a given atom, and when the valen

cies differ it also g ives rise to a change in the density of the con

duction electrons around the impurity atoms (Friedel· oscillations) /1C( 

The frequencies of the local vibrations are given by the so

lutions to the equation, 

- 2 -I G (...., ) • 8 L- 1-o. (1) 

where: G (...., 2 ) is the Green function of the pure crystal /1/, and 8 -L 

is the matrix defining the perturbation caused by the presence of 

the impurity a tom. Its elements depend on differences between the 

force constants of the impurity atoms and the h ost atoms. If we 

assume that the force constants of the impurity atom are identical 

to those of the host atoms, then the frequency of the local vibrations, 

...., f , for a cubic crystal is g iven by the solution to the equation 

..... 
max 

l(A) 2 f 
0 

g ( ..... 0) d ..... 0 
--------- 1 • 

2 2 

(2) 

where : t - 1 -
' m 

mo 

..... - ..... 0 

m' is the mass of the impurity a tom, m 0 is 

the mass o f the host atom, and g ( ..... 0) is the frequency spectrum 

of the host lattice, ...., max 

tal vibrations. 

is the maximum frequency of the host crys-
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The local ,vibrafl,ons can be observed by means of inelastic 

neutron scattering~ The cross-section for the interaction between the 

neutron and the impurity atom and the lattice distortion caused by 

it is entirely incoherent. With an assumed lack of change in the 

force constants it is expressed for polycrystal of cubic symmetry 

by the formula /4/, 

lr. -w Kll 
------ • c -- e 

d 0 d E lr.o 2mo 

where: 

- ll 

dfnw/ 
--......:'-+Clnf8(£\E 

d f 
-w f ), 

D.((l-f)A-A 0 ] +C 0 -!l-f)C, 

WffkT 
I - e 

(3) 

(4) 

(5) 

C is the impurity concentration, k , k 0 , E and E 0 are the wave-

numbers and energies of the scattered a nd incident neutrons, r es-.. .. .. 
pective ly, t< • lr. o- lr. , A and A 0 are the coherent 

neutron scattering lengths for the atoms of the host lattice a nd the 

impurity , and 4 "C and 4 "Co are the inc.oherent cross - section of the 

atoms of the host lattice and the impurity. 

The neutron scattering cross-section incre a ses with increasing 

frequency of the local vibrations, for the function (5) grows rapidly 

when f tends to unity. When there is a change in the force 

constants of the impurity atom respect to the host atoms , the value 

of the cross-section also changes. Notwithstanding, Eq. (3) is in 

general sufficient for estimating the intensity of the local vibration 

peak. Table I gives a comparison of the cross-section for neutron 

scattering on atoms of the host lattice and the impurity atoms. 
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III. Experimental Technique and Sample Preparation 

The measurements were performed on the time-of-flight spectro

meter operatin!?, in inverted-filter geometry at the IBR pulsed reactor 

(Fig.1). Details of the spectrometer for inelastic incoherent neutron 

scattering (arm I) have been presented in papers /11,12/, In accor

dance with the concept in papers /13/, arm II of the spectrometer 

was used for simultaneous measurement of the neutron diffraction 

p a tterns in order to check the sample structure. 

The dura tion of the thermal neutron pulse was approx. 2001' sec 

a nd the moderator-to-sample distance, L 
1 

, ·was 20.4 m. _other 

s pectrometer parameters during the measurements were: 

I, Inela stic neutro n scattering (arm I) 

energy a naly ser: Be filter, 

sample-to-d e tector distance: L~ I •0, 9 4 m, 

mean s cattered energy 4,08 meV 
!1.\ 

r es oluti o n : -.\-- • 8"/o for an energy transfer of 10 to 130 meV 

scattel'ing a ngle : <11 1 = 90 °, 
II. Elastic neutron scattering (arm II) 

Sample-ti:><ietector distance: L ~ II •0. 9 5 m, 

resolution ¥- = 1.5 to 2"/o for .\ = 5 to 1 JS.. , 
scattering angle : ell~ = 90 °. 

T he distribution of inelastic neutron scattering for all the samp

les presented here display a strong peak at a neutron energy trans

fer o f approximately 60 meV. A similar peak is also observed in 

the distribution of neutrons scattered inelastically on beryllium with 

larg e mome ntum transfer. In our case this kind of scattering takes 

place in the beryllium filter, in which only vertical layers of absorb

ing meteria l spaced every 40 mm were inserted in order to have 

hig her tra nsmis sion. Neutrons which are removed from the beam due 

to Bra gg scattering in the Be filter may become scattered inelasti

cally on the beryllium and be recorded by the detector before 
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.etector before 

reaching the absorbing layer. Similar effects in the sample, na mely, 

elastic Bragg scattering in the plane of the sample and subseque nt 

inelastic multiphonon scattering of these neutron in the direction of 

the detector, give rise to a certain structure of the phonon peak of 

beryllium. The position of these weaker p eaks in the sca le of the 

scattered energy depends on the angle 8 of sample alignment w ith 

respect to the incident beam direction. 

These effects are negligibly small in the case of thin samples 

(from 0 . 1 to 1 mm) of substances containing hydrogen which sca tter 

neutrons inelastically. This is the primary topic of work done with 

this spectrometer. For metal samples, primarily yielding elastic s cat

tering, whose thickness is larger by an order of magnitude a t the 

same transmission, the effects of multiple scattering (of the elas tic

-inelastic type) both in the sample and the Be filter become quite 

important. The effect due to the filter can be reduced c onside rably 

by the use of a gird of absorbing material, the spacings of whic h 

would be shorter than the mean free path for a neutro n scattered 

inelastically in beryllium ( "' 1. 35 em); however, this would g rea tly 

decrease the transmission of the filter because of the double collima

tion. Another way of abating this effect is to shift the inciden t neut

ron spectrum towards the lower energies, The sample effect can be 

eliminated by the use of an absorbing gird in the s a mple (which 

would also lower the intensity considerably) or, as mentioned, by 

making an appropriate choice of the angle 8 

The metals Li, Be, Na, and Mg, introduced as a dmixtures into 

copper or lead, form with them solid substitutional solutions o f limited 

solubility /14/, Some of the data characterizing thi s solubility are 

given in Table I. It decreases rapidly with lower temperatures a"1d a t 

room temperature for the examined alloys did not exceed one per 

cent. Owing to the low value of the cross-section for neutron sca tte

ring with excitation of local vibtrations of the impurity atoms (see 

Table I), samples of impurity concentrations higher than one a tomic 

per cent had to be used. The samples were prepared by melting 

the two metals in argon atmosphere in a weight ration appropriate 
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for the given concentration. The copper-based alloys were annea led 

in vacuum at approximately 700° C (Cu-Mg) and 800° C (Cu-Be) in 

order to homogenize the composition in the solid state, and then 

hardened, In order to obtain samples of the required dimensions 

( cl» .. 20 em) shavings were made which were . then pressed in a spe

cial mould and placed in aluminium containers. The lead-based alloys, 

after homogenization in the liquid phase, were poured into a mould, 

rapidly solidified and hardened, Following this, the samples were 

worked down to an identical thickness of approx. 6 mm by cutting 

off the upper and lower sides of the ingot. The lead alloys of con

centrations near maximum solubilities were measured some three hours 

a fter preparation. The pure metal samples of copper and lead were 

made under the same conditions as the alloy samples. During the 

measurements the samples were placed in a cryostat and cooled 

down to the temperature of li9uid nitrogen, i.e. 77°K. The transmission 

of the samples was about 85 per cent. 

IV, Results of Measurements 

Copper alloys 

We had investigated the . dynamics of Ca o.u - Be 
0

•
02 

and 

Cao.u- Be o.oa alloys about a year and a half previously /7/, soon after 

the samples had been prepared, A check of the sample structure 

made then did not reveal the presence of the other phase in these 

samples. In the distribution of the neutrons scattered inelastically 

on these alloys we observed an additional peak at an energy of 

approx, 42 IT!eV~ which was interpreted as corresponding to the ~ex

citation ,of local vibrations of Be atoms in the Cu lattice. Since in 

the early stages of the ageing process of supersaturated Cu-Be so

lid solutions was observed 'Precipitation of linear and two-dimensional 
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distortions in the uniform structure of the solid solution (f.c.c. a s for 

Cu) called the a phase, in the present measurements we attempted 

to ,determine whether perhaps the observed peak is due to the ageing 

effects of the alloys • 

The ageing process of supersaturated ·cu-Be solid solutions 

was studied in the papers /15/ by the anomalous X-ray scatte ring 

technique, It was shown that at room temperature it proceeds very 

slowly (some 5.5. years are needed for phase e quilibrium to be 

achieved) and that at ageing temperature of up to about 170°C there 

is characteristic precipitation of linear arrl, subsequently, two-dime n

sional regions of thickness of approx. 25 ~ arrl structure of the f3 ' 

phase ( ordered alloy of Cs Cl structure a ., 2. 70 ~). At higher 

ageing temperatures the anomalous effects of linear arrl two-dimen

sional diffraction vanish and at temperatures around 400°C equilib

rium between the a and {3' phases is reached within some hours. 

Samples annealed at temperatures higher than 800°C for several 

hours and then hardened did not reveal any traces of anoma lous 

scattering. 

In our experiment the Cu 0,98 

at room temperature for about 1 14 
- Be o.o~ sample aged na turally 

years arrl the Cu 0 •95 - Be 0 •
06 

sample was anr1ealed further before measurements in a vacuum fur

nace at 400°C, for a bout 48 hours. According to the papers /1 "'>/, 

we should expect in the Co 0 •98 - Be o.o~ sample only linear a nd 

planar precipitates of {3' phase structure , whereas in the Co 
0

•
96 

-

- Be 0.06 sample there should be separate blocks of {3' 

crystallites in quantities corresponding to the state of a 

phase equilibrium for the temperature of 400°C, 

phas e 

and {3' 

The diffraction patterns of the examined samples, a section of 

one of which is presented in Fig.2, confirms these expectations, The 

diffraction pattern of the Cu 0•98 - Be o.o~ alloy sample (curve 3) is iden

tical with that of the pure copper sample (curve 1) • The slight 

broadening of the peaks corresponding to the Bragg reflections from 

the a phase f. c. c. structure, as compared with the analogous peaks 

for pure copper, can be explained by the effect of anomalous scat-
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tering on the precipitates distorting this structure , as described 

above . In the diffraction pattern of the Cu o.u-Be 0•00 sample (curve 4) 

we see distinct peaks corresponding to the {J' phase structure, while 

the peaks corresponding to the a phase structure are shifted some-

wha t; this enables us to estimate that the lattice parameter is contrac

ted by 1 to 2 per cent relative to the lattice parameter of pure cop

per. 

Figure 3 shows the distributions of neutrons scattered inelas

ti cally on the examined samples of copper alloys. The background 

is substracted and the measurement time and sample transmission are 

norma lized, but the incident neutron beam intensity is not. In the cur

v es 3 a nd 4, c orresponding to the Cu 0 •88 - Be0 •02 and Cu o.u- Be o.oa 

a lloys, resoectively. we see an additional p eak at a neutron energy 

transfer of approx. 42 meV which is not observed in the distribu

tion o f pure copper (curve 1). Comparison of the relative heights of 

this p eak in the mesurements presented herein and those performed 

1 1/2 y ears earlier /7/ show that it dropped by an estimated· 15 per 

cent for the Cu 0 •98 -Be 0 •02 sample any by approx, 30 per cent for 

the Cu 0 •90 -Be o.oa sample. According to the formula (3), the Be 

a t o m con c entration in the Cu lattice should decrease in the same 

r a tio . This corresponds to the precipitation of approximately 0,2 per 

c ent o f the Be ato ms from the a phase for the Cu o.es - Be o.o
2 

sample a nd abo ut 1.5 per cent for the Cu o.u- B·e o.oa sample. The 

fa cts imply that the peak at 42 meV in the distributions of inelastic 

neutron s c attering on Cu-Be alloys corresponds to the a phase 

s truc ture hence, to local vibrations of the Be atoms in the crystal 

l a ttice of copper. The dynamics of the {J' phase may be revealed 

by a slight broadening of the observed peaks, relative to the measu-

rements made earlier, An explanation of this problem requires 

m ea s urements w ith much better resolution and also measurements 

o f the inelastic neutron scattering distribution for a sample of uni

form {J' phase structure. 

Curves 2 in Figs. 2 and 3 correspond to the Cu 
0

•
97 

- Mg o.oa 

alloy. The diffraction pattern of this alloy reveals small traces of a CuJ.tg 
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small traces of a CnJ"g 

type structure. More substantial, however, is the fact that the peaks 

corresponding to the a phase structure (f.c.c. as for Cu) are shif

ted, indicating dilatation of the crystal lattice parameter by 1 to 2 per 

cent as compared with that of pure copper. As the radius of the 

magnesium atom is larger than that of copper (see Table 1), this is 

evidence that the Mg atoms occupy atom sites in the crystal lattice 

of copper. 

In the distribution of the neutrons scattered inelastically on this 

sample we observe only an increase in the scattered intensity within 

the region of the maximum freque·ncies of the copper lattice vibrations. 

The shape of this distribution insinuates that in the sample there are 

vibrations of frequencies higher than the maxi mum frequency of atomic 

vibrations in copper. Dividing this distribution by that for copper, 

we get a curve whose maximum corresponds to a neutron energy 

transfer of approx. 34. 5 meV. This value was assumed to be the 

energy of the local vibtations of Mg a toms in the copper lattice. An 

alloy o f the composition Cu 0.89- Mg 0•01 was a lso examined. No diffe

rence between this s a mple and the copper sample was found within 

the accuracy of the meas urements. 

The copper sample, to which the curves 1 a nd Figs. 2 and 3 

correspond, was produced from 99. 9 per cent pure electrolytic copp er 

under conditions identical to those for the Cu-Mg a lloys. The diffrac

tion patterns for this sa'Tlple and those Cu-Mg s amples show insigni

ficant traces of oxidation. The positions of the observed peaks cor~ 

responding to the CuO structure are indicated by arrows in Fig .2. 

The traces of oxidation in the Cu-Be a lloys are s maller still. 

Lead Alloys 

Among the light metals which form solid solution with lead, so

dium, w hose atoms bear the closest resemblence to those of Pb us 

regards dimensions, has the highest solubility (see Table I). The 

Pb-Na solid solution ( a phase) has face-centred cubic structure, 
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and the lattice parameter of lead ( a- 4. 9497 ~) is contracted with 

increased sodium concentrations 114/ even though the radius of Na 

atoms is greater than that of Pb atoms. When the sodium concentra

tion exceeds maximum solubility, a fJ phase of the f.c.c. structure 

of the Cu 3 Au type ordered alloy (a._4,88 )0 is precipitated. The 

range of homogeneity of this phase lies within 26,5. to 35 at '){, Na, 

hence, it does not include the Ph 3 Na composition /16/, 

We examined the Pb-Na alloys in the 1 to 10 at,% Na concen

tration range, The neutron diffraction data of samples of concentra

tions l ower than 5 at.'){, Na, measured less than two months after 

sample preparation, did not reveal any traces of the fJ phase. "The 

diffraction pattern of sample with approx. 10 at.% Na taken imme

diately after the sample had been prepared had traces of peaks cor

responding to the fJ phase structure, These peaks appeared much 

more distinctly after this sample was aged for one month at a tem

perature of about 40°C. If we compare the intensities of the peaks 

corresponding to the a and fJ phases, we can estimate that the fJ 
phase content in the aged sample does not exceed 5 per cent (95 

per cent of the a phase would correspond to a Ph 0 •81 - Na 0 •08 

comoosition). Differences between the inelastic neutron scattering 

distributions measured under identical conditions did not exceed the 

acc uracy of the measurements. With an increase of the sodium con

centra ti on in the alloy we also observe a slight shift of the peaks 

correspo nding to the a phase structure, F'or the Ph 0 ,80 - Na o.1o 

sa'Ylple it corresponds to a contraction of the lattice parameter of 

a pprox, 1 per cent. These facts imply that the effects observed in 

the ine lastic neutron scattering distribution correspond to the a 

phase structure in which the Na atoms occupy isolated sites in the 

crystal lattice of lead. 

In Fig.4 we have a comparison of the distributions of neutrons 

scattered inelastically on lead and some Pb-Na samples of different 

concentrations, In the lead distribution (curve 1) we can distinguish 

peaks at neutron energy transfers of about 5 meV and about 8.5 

meV, which stand in good agreement with the maxima in the fre-
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1eV a nd about 8.5 

1e maxima in the fre-

,f 

quency spectra of lead /17,18/. The severe drop in the neutron in

tensity at ( the energy transfer of approx. 10 meV corresponds to 
'~ 

the limit of the lead frequency spectrum. The reason why the peak 

at the energy of approx. 60 meV appears is expounded in Sec.III. 

In the distributions of the alloys we see an additional peak beyond 

the limit of the lead frequency spectrum, the amplitude of which is 

proportional to the concentration of Na atoms in the sample. This 

peak corresponds to a neutron energy transfer of about 17 _ meV and, 

in accordance with what has been said about the sample structure, 

it is interpreted as due to the excitation of local vibrations of the 

Na atoms in the crystal lattice of lead. 'I'he width of this pea k, b eing 

approximately 9 per cent, is in conformity with the spectrometer re

solution at this energy /11/. By comparing the distribution shown in 

Fig.4 in the -range of the normal 1vibrations for lead we see that 
' -

with increased concentration of Na atoms there is a rise in the scat

tered intensity at the limit of the frequency spectrum. This implies 

that in the region of the normal vibrations of lead there is an increa

sed probability of excitation of high-frequency vibrations. 

The solubility of magnesium in the solid phase of lead is much 

more limited than of sodium (despite similar rations of a tomic radii), 

as the Mg atoms form with Pb an electronic bond, Mg ~ Pb , of me-

tallic properties. The structure of this compound is of the 

type (a= 6 .85 .5\). 
We examined the Pb-Mg alloy in the concentration range from 

1 to 5 at.% Mg. In the Pb o.n -Mg 0_01 and Pb o.n - Mg o.oa samples, 

not hardened after moulding and measured some two months a fter 

preparation, there was no additional peak beyond the limit of the 

natural vibrations of lead. Only a slight rise in the i n tensity of the 

scattered neutrons was observed in the region of the maximum fre-

quences of the lead vibrations. The diffraction patterns of these 

samples revealed the presence of an Mg~ Pb type structure. In the 

Pb o.u- Mg o.oa sample, hardened immediately after solidification a nd 

cooled to the temperature of liquid nitrogen some two hours after 

preparation, we observed an additional peak at a neutron energy 
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transfer of approx. 16 meV, which was assigned to the excitation 

of the local vibrations of the Mg atoms. A strong rise in the scat

tered intensity was observed in the high-frequency region of the nor

mal vibrations of lead. The diffraction pattern of the sample showed 

traces of a n Mg ~ Pb structure in quantities not higher than for the 

Pb o.eT - Mg o.oa sample. 

The region of lithium solubility in solid lead is even more res

tricted owing to the considerable difference of the atomic radii and 

valencies . The diffraction patterns of the examined samples of 

Pb 0.99 - Li o.o t and Pb o.n - Li o.oa compositions, hardened after 

solidi ficati o n, show the presence of a Ph Li phase o f b.c.c. struc-

ture o f the Cs Ci type (a=5·25 ~. In the distributions of neutrons 

scattered inelastica lly on these samples only the effects of neutron 

absorption by Li a toms are observed. No effects o f n eutron scattering 

on Li a t oms exceeding the accuracy of the measurements were found. 

T o observe them the effect-to-background ratio would have to be 

improved by increasing the incident beam intensity and the effect due 

to Be filter must be e liminated. 

V. Discussion 

In all the examined alloys the experimentally determined energy 

of the local vibrations o f light impurity atoms is lower than the value 

c a l cula ted with the assumption that the force constans a r ourld the 

impurity atom re'T!ain unc h a nged (Eq.(2)). Table II gives a comparison 

of the l ocal vibration energies calculated for different frequency 

spectra o f copper and lea d . The greatest effect on the calculated 

values of the local vibration energy is borne by the high-frequency 

vibrations o f the hos t crystal lattice. An illustration of this fact a r e 

the differences in the r esults calculated for the Sinha and Debye 

spectra, in which the Debye limit frequency fo r coppEr was taken 
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coppa" was tak en 

to be equal to that of the Sinha spectrum. The assumed limit fre -
. 0 

quency of the Debye spectrum for lead corresponds to 88 K. The 
/21/ 

most realistic frequency spectra are: the Sinha s p ectrum for copper 

and the Stedman spectrum for lead /18/, calculated from the ex

perimentally determined dispersion curves for these metals. 

In order to assess the change in the force constants from the 

experimentally determined energy for the l ocal v ibrations o f the impu

rity atom, we shall make use of the approximation o f an extremel y 

light impurity. With this assumption the nondiagonal e lements of the 

G( C'<l 2 ) 8-L matrix are negligible. The l ocal frequency will be given 

in the form of the following integral equation (for cubic crystals), 

2 "'max 2 (}) mu: g ( "' o ) d Q)o 
[ ({<) - p ,/ "' g ( "'0 ) d"' 0 1 f ___ ..:._ _ __:;,_ 

o o w 2 -cu; - 1 

where : 

p- 1 -
~ (00) 

~ 0 (00) 

(Ll 

..,o (00 >- r- ~ < > d "' mo wo g w o wo 
0 

(6) 

~0 (00) and ~ (00) are the force constants of the host atoms and 

impurity atoms, respe ctively. The impurity atom is at the site f =0. 

The parameter p define s the magnitu d e of the c h ange in the force 

constants of the impurity atom in the zeroth coordination sphere. Its 

value for various frequency spectra are given in Tabie II. 

This approximation can also be applied for rather heavie:- impu

rities, but the perturbation caused by the impurity should spread out 

to larger distances and at the sa'11e time the c h ange o f the force 

constants of the first coordination spheres should be neglig ible, i.e. 

I£\~(Of >1<1£\~(00) I , where f > 0 , 

The force constants of 'the ze:-oth coordinati o n sphere is associated 

with the remaining ones by the relationship 

~ (o o >- -I ~ <o f l 
f 
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A better approximation would be obtained with a model in 

which only th~ force constants of the zeroth and first coordination 

spheres become changed. Their change can be determined from the 

experimental value of the local vibration energy anct the dispersion 

curves of the host crystal {22). For beryllium atoms in copper the 

result of such calculations is: 

p = 
~ 1 <~><oo ll 

I<~~ <oo l I 
~I <1> < o 1 l I 

- 70 " 
--1 <~><on I 

The estimation of the contribution of the long-range forces of Cou

lomb, ion-electron, and electron-electron interactions (causing a 

change in the force constants in the higher-order coordination sphe

res) gives the following assessment of the changes in the force 

constants for this alloy {22), 

~1<1> <oo l I 
- 65 " ' 

~I <I>(Oll I 
-55" 

1 <1> <ool 1 I <1> <o 1 > 1 

A comparison of these results with the values of the parameter p 

for Cu-Be in T a ble II shows the differences in the estima te of p in 

depende nce on the model assumed. Unfortunately, a complete solu

tion of Eq.(1) which would give an exact value for the loca l fre

quenc y is impossible and a simplifying model must be used. 

Deterrn.lnation of the energy of the vibrations of light atoms 

in <:!~ered phases of the investigated alloys should enable us to 

assess the effect of the force constants change of the higher-order 

coordination spheres on the local vibration energy, and also faci

litate the choice of a model corresponding closer to the actual 

situation in a crystal. No changes exceeding the measurement accu

racy were observed in the local vibration energy as a function of 

impurity atom concentration within the range of the solid solution phase. 

In order to get more precise and complete information on the 

dynamics and interaction of atoms in the crystals of metals measu

rements with much better resolution should be made. Of the alloys 
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ete information on the 

;tals of metals measu-

' made. Of the alloys 

discussed here, the Cu-Be and Pb-Na alloys are best suited for this 

type of research, owing to the high intensity of neutron scattering 

and the structure of the solid phase. The time-of-flight technique and 

the inverted - filter geometry is convenient for this type of resear ch, 

as it permits simultaneous measurement of the structure a nd the dy

namics of the sample. 

In conclusion the authors express their g r atitude to Professor 

H. Niewodniczanski and Professor F.L.Shapiro for their interest in 

this work, and to Professor B.Buras for discussion concerning the 

methods of checking the sample structure. 
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Table I. 

m ' 4]. :r2 4'fi'D .rhost- .rilal!• ' Max. solu- Temp. ~max • 
Alloy E bil1t;y solubility m;;- .rhost cmax /at. 'J(./ oc 

CU-Be 0'142 0'858 7'0 4'5 + 0'133 16'4 866 

Ou - Jig 0 '383 0 '617 7' 0 1'3 - 0 '250 7 722 

.., 
"' Pb- Na 0'111 0 '889 11'58 2 ' 66 - 0 ' 063 12 300 

Pb-Mg 0 '117 0'883 11'58 2 '40 + 0 ' 086 6 253 

Pb - .L1 0'096 0'904 11'58 1'77 + C'131 3 235 



Alloy 

Cu - :Be 

"' 0 

Cu- Mg 

Pb- Na 

Pb-Jig 

-

T a b 1 e II. 

Local vibration energy 

Calculated Experimental 
value '!rom Eq./2/ 

54-' 0 meV 

(42 :!: 2) meV 56'1 meV 
57•9 meV 
61'5 meV 

}4~2 meV 

(}4'5 :!: 2) meV }5•9 meV 
}7•5 meV 
.38•7 meV 

18.75 meV 
(17 :!: 1) meV 19•25 meV 

19'70 meV 

17'9 meV 
(16:!: 1) meV 18•7 meV 

19'2 meV 

11 2 L.L r 

Etb. - Ee!l! Cb.ange in References 

Etb. force canst, regarding 
from Eq./6/ g(~o> 

2.2% 0'4} E,H, Jacobsen /19/ 
25% 0~50 R.B, Leigb.ton / 20/ 
28% o•56 s.K. Sinb.a /21/ 
}1% o·6o Deb;ye spectrum 

Ol' o·oo E.H. Jacobsen 
}% o·1o R.B. Leigb.ton 
8% o•22 S.K. Sinb.a 

11% 0'27 Deb;ye spectrum 

9% 0'16 Debye spectrum 
12% o•2.3 R~ lt-tedman /18/ 
14% o•27 G. Gilat - /17/ 

11% o·2o Deb;ye spectrum 
14% o•.3o R~Stedma.n 

17% 0'}4 G. Gilat 



1\l ..... 

Pb - Na 

Pb-Kg 

I 

I 

(17.:.. 1) meV I 1':1"<:!!:> mev I 
•• C;b v C.;,) .&.\ • ..-vv~ 1 ,...,, 

19'70 meV 14% 0'27 G, Gilat - /17/ 

17'9 meV 

I 
11" 0'20 Debye spectrum. 

(16 :!: 1) meV I 18'7 meV 14" 0'30 R~ Stedman 

19'2 meV 17% 0'34 G, Gilat 

~--~~------------------~ ------.-

Fig. 1. 1. reactor core, 2.moderator, 3 . vacuum tubes , 4 , collimators 
for incoming beam, 5 . sample in low-temperature cryiostat, 
6 . colli mator fo r diffraction s tudy; 7 . d e tectors (trays of BF

8 
counters), 8 . shielding, 0. beryllium filter with collimating cad
mium inserts, 10, z inc s ing le crystal. 
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Fig. 3. Inelastic neutron scattering distributions for the investigated 
copper- based alloy samples : 1. Cu, 2. Ca 0 •1 r Mg o.oa 

3. Co o.ta - Be o.02 • 4. Ca o.u- Be o.oa 
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Fig.4. Ine lastic neutron scattering distributions for the inv estigated 
lead- sodium alloy samples: 1. Pb, 2 . Pb 0 , 98- Na o.o
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3. Pb o .96 - Na 0,06 ' 4. Pb 0,90 - Na 0 , 10 

24 


