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Inelastic scattering of cold neutrons was used to investigate the change of the phonon spectra of solid 
solutions of Be in Cu in the impurity concentration interval from 0.5 to 10 at.% with an aim at studying the 
transition from the local oscillations of a light isolated substitutional impurity to the impurity band. The 
measurements were made at room temperature. The experimental neutron-scattering cross sections were 
reduced in the noncoherent approximation. It was established that with increasing impurity concentration the 
following quantities vary linearly with the concentration: the energy position of the level of the local impurity 
oscillations, the width of this level, and the end-point frequency of the perturbed oscillation spectrum of the 
copper matrix. 

PACS numbers: 71.55.Dp 

INTRODUCTION metallic sys tems by tunnel experiments presupposes 
pr ior  knowledge of the electron-phonon interaction 

Local oscillations (LO) produced in  the phonon spec- function (r2(w),  and is consequently not a d i rec t  method. 
t rum following introduction of a light impurity atom, o r  
of an atom more tightly bound to  the atoms of the host 
crystal  (matrix), have been under investigation for  a 
long time. They were predicted theoretically back in  
1942 in the studies of I. M. Lifshita.' LO were f i r s t  
observed experimentally in ionic crystals  by optical 
methods, and in metallic systems with the aid of the 
Mijssbauer effect and of inelastic neutron scattering.'. 
Naturally, the observed distributions of the spectral  
density of the LO a r e  not the functions predicted in 
the harmonic approximation for  an isolated impurity. 
Nor is the LO lifetime, which is governed by the anhar- 
monicity, the only factor  that determines their  r ea l  
shape. Since any investigated system contains a finite 
impurity concentration, a definite role is played by the 
concentration broadening due to the interaction of the 
impurity atoms with one another. 

However, there a r e  practically no experimental in- 
vestigations devoted to the concentration dependence of 
the LO width in  metals  where, unlike in ionic crystals, 
the restructuring of the electronic subsystem by intro- 
duction of an impurity influences substantially the char- 
ac ter  of the interaction between the atoms. 

From among all the experimental methods of investi- 
gating impurity oscillations, inelastic scattering of 
slow neutrons is the most direct  and most informative. 
The recently uncovered possibility of studying LO in 

The purpose of the present  study was to  t race ,  with 
the aid of inelastic scat tering of cold neutrons, the on- 
s e t  of LO and their  variation in  a metallic system, 
using as an example Cu-Be alloys a t  concentrations 
that  range from a practically isolated substitutional im-  
purity t o  concentrations such that  the interaction of the 
impurity centers  of the perturbation cannot be ne- 
glected, and a n  LO band appears. Of definite interest  
here is the change of the phonon spectrum of the per- 
turbed matrix. 

SAMPLES, MEASUREMENTS, AND DATA REDUCTION 

The investigated Cu-Be system was chosen for  a 
number of considerations. The dynamics of the copper 
lattice (matrix) has been sufficiently well investigated, 
a s  were also a number of physical propert ies of copper- 
beryllium alloys. Beryllium is an impurity with a sin- 
gle isotope. In addition, the LO due t o  the introduction 
of Be is a s  a ru le  f a r  from the end point of the phonon 
spectrum of the 

The samples  were made of specially purified copper 
containing not more  than 10% impurity. Binary copper 
alloys containing 0.5, 1, 2.7, 4.2, and 9.5 at. % Be, 
melted in vacuum, were homogenized a t  1080 K fo r  10 
hours and abruptly quenched to  room temperature. 
The rolled sheets  1.5 mm thick were annealed i n  vacu- 
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urn a t  640 K for 10 hours. A whole se t  of investigations 
(chemical analysis of the uniformity of the impurity dis- 
tribution, x-ray diffraction, neutron diffraction, metal- 
lography, and small-angle scattering of cold neutrons) 
has shown that the prepared samples are  practically 
homogeneous disordered solid solutions. Deviations of 
the impurity concentration a t  different points of the 
samples amounted to less  than 3% than the average over 
the sample. 

To assess  the influence of the phase composition on 
the characteristics of the LO, additional samples were 
made, containing 18 and 27 at. % Be, more than the 
limiting concentration of the Be atoms in the a solution. 
In these two-phase samples, part  of the impurity (9 and 
23.% Be) turns out to be included in the CuBe interme- 
tallide. 

Measurements of the doubly differential cross  sec  
tions for neutron scattering by Cu-Be alloys in  pure 
copper were made with a time-of-flight spectrometer 
with a source of cold neutrons.' The energy of the neu- 
trons incident on the sample was Eo= 4.8 meV. The to- 
tal  energy resolution of the spectrometer in the LO re- 
gion was 5.2% of the energy of the scattered neutrons. 
The measurements were made a t  room temperature 
simultaneously a t  s ix  scattering angles 51. 

Figure 1 shows by way of example the energy spectra 

FIG. 1. Spectra of the cross sections for scattering of cold 
neutrons by the investigated Cu-Be alloys: a) a-solution, 
c=  0.042, the dashed line shows the part of the spectrum of 
scattering by pure copper; b) a + intermetallide CuBe, c= 0.27, 
angle = 90". 
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of neutrons scattered by a disordered a-solution of 
Cuo.,,Beo., and, f o r  comparison, the spectrum of neu- 
tron scattered by a two-phase sample with a close Be 
concentration in the a! solution. At an energy transfer 
&=En -Eo=  40 meV (En is the energy of the scattered 
neutrons), the spectrum for the a! solution reveals dis- 
tinctly a singularity due to the LO and missing from the 
spectrum of the Cu matrix. In the cross section for 
neutron scattering by the two-phase sample there ap- 
pears  an additional singularity at & = 57 meV, due to op- 
tical oscillations in the spectrum for the intermetallide 
CuBe. This singularity is intense enough to serve a s  a 
criterion for the presence of the CuBe intermetallide 
phase in the investigated samples." 

The reduction of the experimental LO spectra was 
carried out in the noncoherent approximation. The use 
of polycrystalline samples with disordered substitution- 
al impurity atoms averages out the possible coherent 
effects completely. Taking into account the usual depew 
dence of the cross  section on the momentum transfer 
m, the generalized functions 

measured at different scattering angles, agree with one 
another in the energy region of the LO within the limits 
of the statistical e r r o r  of the experimental data. 

Figure 2 shows the difference spectra OLo(&) 
= o(E),, -, - O(E),, , averaged over all  the measurement 
angles. The normalization of the spectra that enter in 
the difference OL0(&), which is a function of the density 
of the squares of the displacements, was carried out 
over the noncoherent part of the inelastic neutron-scat- 
tering spectra in the energy region below the threshold 
of the Bragg scattering. 

The possibility of using the noncoherent approximation 
for the experimental inelastic neutron-scattering cross 
section makes i t  possible to determine, without resort- 
ing to  model representations, the integral characteris- 
t ics  of the spectral densities of the LO. The values of 
the LO energies (Fig. 3) and their e r r o r  were calculated 
by the universally employed method." Figure 3 shows 
also the end-point energies E,, of the oscillations of the 
deformed lattice of the matrix atoms. 

In the investigated concentration range, there a re  ob- 
served displacements of the end-point energy &,, and of 
the position of the center of the LO spectral density 
(&,,) towards higher energies. The intensity (Fig. 4) 
and the experimental width (at half-height) of the LO 
spectrum ( ~ i g .  5) increases linearly with increasing 
concentration of the beryllium atoms. 

To take into account the distribution function, we used 
a method8 that employs, a s  additional information, the 
assumption that the e r r o r s  of the experimental data are 
statistically distributed. The most probable LO density 
functions a r e  shown in Fig, 2 in the form of histograms. 
The relatively large e r r o r  in the values of the true 
widths (Fig. 5) is due to the fact that the distributions 
of the LO spectral density were determined without 
using model representations concerning the functional 
form of these distributions. 
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0 ,  n, rel. un. 

FIG. 2. Distribution func- 
tion %(&) for different Be 
concentrations; points- 
experiment, histograms- 
reconstructed spectra. 

When use is made of model calculations based on the 
assumption that the sought distribution has a Lorentz o r  
Gaussian shape, a linear concentration dependence of 
the width of the LO is observed in the entire interval of 
investigated impurity-atom concentrations. The spec- 
trometer resolution function, determined experimen- 
tally at energies close to oLo is well described by a 
Gaussian function. Therefore i n  the estimate of the 
widths of the model spectra we used the calculation 
formulas of Fkf. 10. At a beryllium impurity concen- 
tration c 2- 0.02, satisfactory agreement between the 
widths reconstructed from the experimental data and 
the model calculations is obtained for a Lorentz curve. 

= f (c) to c = 0 yields the value of the LO energy for a 
strictly isolated impurity. This value turned out to be 
cL0, ,= 40.0* 0.3 meV, thus refining the result of Ref. 5, 
which was obtained with samples having a finite impuri- 
ty concentration. The energy position of the LO differs 
substantially from the one calculated in the isotopic ap- 
proximation (56 meV), thus testifying to a weakening of 
the effective constant of the impurity-matrix inter- 
atomic interaction, by an amount 49% compared with the 
initial interaction between the matrix atoms. 

The displacement of the center of the LO spectral 
band cL0 a s  a function of the concentration of the beryl- 
lium atoms is described by the relation 

DISCUSSION OF RESULTS GE~O(C)/ELO O= (0.68c0.06) c. (2) 
As seen from Figs. 3-5, the end-point energy of the The concentration dependence of the change of the end- 

vibrational spectrum of the deformed lattice matrix, the point energy of the matrix oscillation spectrum can be 
energy position, and also the integrated density of the described by the relation 
LO states vary linearly with the concentration of the -- . 

introduced beryllium atoms. 6e,.(c) /&-(0) =(0.51*0.05) C. (3 ) 

Extrapolation of the concentration dependence E,, An estimate of the displacement of the end-point fre- 

I , ,  / I  

0 0 05 0' c 

FIG. 3. Concentration dependence of the LO energies and of 
the end-point of the principal spectrum. The lines determine 
the limiting values of the coefficients in relations (2) and (3). 

FIG. 4. Concentration dependence of the intensity of neutron 
scattering by oscillations due to the beryllium atoms. The 
dashed line in Fig. 4b corresponds to f(c)= (1 - c)f(O). 
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FIG. 5. Concentration dependence of the widths of the spectral 
distributions: A-experiment. %Gaussian, m-Lorentzian, 
rectangles-model-independent reconstruction. The heights of 
the rectangles correspond to the errors in the calculation re- 
sults. 

quency because of the change in the volume of the unit 
cell, under the condition that the Griineisen constant Y 
for copper and i t s  alloys is equal to  2, yields a concen- 
tration dependence 

Thus, the displacement of the end-point frequency of 
the continuous spectrum of the oscillations is due to the 
practically complete effect of compression of the lattice, 
which is accompanied by the introduction of the beryl- 
lium atoms. 

We consider now the concentration dependence of the 
ratio 

which describes the relative change of the interatomic 
force interaction in the alloy. The weak change of this 
ratio with increasing beryllium concentration [the values 
(2) and (3) were substituted in  (511 indicates a negligible 
increase of the interaction constant PB,- ., compared 
with the averaged constant f i  of the alloy. Therefore, i f  
the change @/P is attributed to a change of the screening 
charge of the impurity, which is determined by the den- 
sity of the conduction electrons, " then a relatively weak 
change of the electron density over the alloy is ob- 
served. 

In the case of two-phase samples, attention is called 
to the fact that the energy position of the level of the 
optical oscillations coincides with the expected value of 
E,, in  the isptopic substitution model. The agreement 
between the values of E,, is apparently due to the fact 
that the principal assumption of the isotopic-substitu- 
tion model, namely that the interatomic force inter- 
action averages out,'' is fully realized in electronic 
compounds of this type. 

The ratio of the density of the LO states to the density 
of the oscillations of the matrix is proportional, in 
first-order approximation, to  the concentration of the 
beryllium impuxify, However, the intensity of the scat- 
tered neutrons, normalized correspondingly to the same 

number of impurity and matrix atoms, is larger by a 
factor of 3.6 for the LO. In addition, the measured 
cross  section for neutron scattering by the LO is double 
the c ross  section calculated with allowance for the per- 
turbation of the lattice in  the isotopic a p p r o ~ i m a t i o n . ~ ~  
The difference is probably due to some delocalization 
of the oscillations of the impurity atoms and the addi- 
tional involvement of about two matrix atoms by these 
oscillations. This quantity characterizes the degree of 
damping of the LO, in which there participate on the 
average 1/6 of the copper atoms located in the first  
coordination sphere in the fcc lattice of the Cu-Be a- 
solution. An estimate of the damping constant (a 
= ln6(r,,+ r,, I-' " 2.7d-', where d is the matrix lattice 
parameter) has shown, that the weakening of the inter- 
action of the impurity atoms with the matrix in the Cu- 
Be system leads to the same degree of damping of the 
local perturbation a s  in  Cu-A1 alloys14 which have lower 
component-atom masses and respectively lower E,, and 

Em-. 

With increasing impurity concentration, when the dis- 
tance between the impurity centers decreases, the per- 
turbed regions can overlap, i.e., the cross sections for 
the scattering by the perturbed regions become non-ad- 
ditive, and the concentration dependence of I/c (Fig. 4b) 
is close to the Nordheim formula: f (c) = 1 - c.  

The character of the dependence of the intensity of the 
scattered neutrons on the Be concentration is preserved 
in the entire investigated interval of impurity-atom con- 
centrations, including two-phase systems (Fig. 4a). The 
probable reason is that we have a weak energy depen- 
dence of the polarization vectors for the optical oscil- 
lations in the case of diatomic systems with so greatly 
differing masses as  Be and Cu. This circumstance was 
noted earl ierL5 for the behavior of hydrogen in a metal. 

As already indicated, the widths of the reconstructed 
spectra (Fig. 5) for alloys with c 2 0.02 a re  close to the 
widths obtained under the assumption that the sought 
spectral line has a Lorentz shape. This is evidence that 
the principal mechanisms in the formation of the LO 
spectrum a re  those leading to  homogeneous broadening. 
Extrapolation to c = 0 determines the lifetime of the LO 
of the localized impurity: 7 =  2 . 6  10'12 sec, a value lim- 
ited by the decay of the LO into two phonons of the prin- 
cipal spectrum (E 2tm,) and by the interaction of the 
LO with the electrons. Since the density of the electron- 
i c  states on the Fermi surface is small for copper, and 
the electron-phonon interaction depends quadratically 
on the density of the electronic states, the width of the 
LO level for an isolated impurity determines completely 
the anharmonicity temperature constant of third order. 
The obtained damping r= 0.028 kBT is typical of high- 
frequency phonons in metal lattices.lB 

The question of formation of the vibrational spectrum 
of disordered systems, including the case when light 
impurity atoms a r e  introduced, was considered theoret- 
ically in a large number of  paper^.'*'^-^^ It t urned out 
that the results of these studies a r e  very sensitive to  
the character of the assumptions made, and frequently 
lead to contradictory conclusions. Thus, in the coher- 
ent-potential approximation the width of the LO band de- 
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pends on the impurity concentration like c'12, and in  the 
approximation of the non-self-consistent t -matrix the 
dependence is linear, but the shape of the LO spectrum 
in this  approximation is asymmetric and reflects  the 
singularities of the spectrum of the host matrix.17 In 
an analysis of the indirect dynamic interaction between 
impurity atoms, the authors of Ref. 19 conclude that the 
width of the LO spectrum has a very strong concentra- 
tion dependence. In Ref. 20 it is stated flatly that ana- 
lytic methods that employ Green's-function expansions 
a r e  not valid for  singular points of phonon spect ra  of an 
impurity crystal, particularly f o r  local s tates.  Iden- 
tifying the width of the band in  which the group expan- 
sion of the Green's function diverges with the width of 
the impurity band, the authors of Ref. 20 obtain for  it 
a c2I3 dependence, and an exp(-c~c-'/~} as c-  0. 

Taking into account the concentration dependence ob- 
served in the width of the LO spectrum of the investi- 
gated Cu-Be system, it is preferable to compare the 
obtained data with results  calculated in  the t-matrix 
approximation. In th is  approximation, the total width 
P of the LO band, the expression for  which was obtained 
without allowance for  the change in the force  con- 
stant s2' : 

where [ = 1 -m,,/m,,  , has practically a l inear concen- 
tration dependence. Using relation (6) in  the experi- 
mental value of wLo,o we obtain for  A&,, a concentra- 
tion dependence which is approximately half that ob- 
served in  Fig. 5. 

The character  of the change of the structure of the 
spectral  density of the LO with the beryllium concen- 
tration can be traced most  clearly by considering the 
normalized difference spec t ra  (Fig. 6): 

At low concentrations the character  of the distribution 
remains unchanged, but some shift is observed towards 
higher energies. With increasing concentration o f t h e  
impurity atoms there  occurs not only a displacement of 
the band, but also a substantial broadening on account 
of the predominant increase of the density of the high- 
energy states. The observed character  of the change of 
the spectral  density of the LO is evidence of the differ- 
ent mechanisms of the interaction of the impurity atoms 
with one another a s  functions of the concentrations of 
the latter. At low concentrations, i.e., when the aver- 
age distance between the impurity atoms 7- c-'13 is 
much la rger  than the lattice constant, the principal 
mechanism is indirect dynamic interaction via the ma- 
t r i x  atoms. With increasing impurity concentrations, 
the decisive mechanism is already the indirect s tat ic  
interaction due to  the overlap of the perturbation r e -  
gions; this corresponds to the classical  broadening 
mechanism considered by Lif shitz.' 

The presence of a second phase in the form of inter-  
metallic inclusions, up to 9 at. % Be, does not lead to 
an additional broadening of the LO band (Fig. 7). It ap- 
pea r s  that the mutual influence of the two phases is lim- 

FIG. 6. LO difference spectra. Points-experiment, histo- 
grams-model-free reconstruction. On the right are marked 
the values of c , ,  and c,. 

ited to a narrow region near their  separation boundary, 
and the relative contribution of th is  region is small .  

Thus, we have investigated with the aid of inelastic 
neutron scattering, for  the f i r s t  t ime ever,  the influ- 
ence of the concentration mechanism on the formation 
of local s tates of metallic systems.  We have shown 
that the principal characterist ics  of the LO spectrum 
(density, position, width) a r e  linearly connected with 
the concentration of the impurity atoms. This concen- 
trat ion dependence of the principal characterist ics  of 
the LO cannot be satisfactorily explained within the 
framework of any of the existing theories. No splitting 
of the LO band s imi lar  to that observed in  Ref. 3 for 
V-Be alloys occurs  up to impurity-atom concentrations 
c =0.1. At low concentrations, the lifetime of the LO is 

d2a,dtdn,rel.  un. h 

E .  meV 

FIG. 7. Spectral distributions of the oscillations due to Be 
atoms in one-phase (0) and two-phase (0) Cu-Be samples. 
The widths of the LO at  half-height are given in microseconds. 
N is the number of the time-analyzer channel. 
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de te rmined  by  t h e  anha rmonic i ty .  T h e  anha rmonic i ty  
constant  f o r  t h e  LO t u r n e d  ou t  to b e  close to t h e  va lue  
of t h e  cons tan t  f o r  t h e  high-frequency osc i l l a t ions  of t h e  
c r y s t a l  lattice. 

')The authors of Ref. 5, who measured the spectrum of neu- 
trons scattered by two-phase Cu-Be samples, were unable to 
observe this singularity because of the experimental conditions. 
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Nonlinear waves and the dynamics of domain walls in 
weak ferromagnets 
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(Submitted 5 September 1979) 
Zh. Eksp. Teor. Fiz. 78, 1509-1522 (April 1980) 

Nonlinear waves are investigated in a two-sublattice antiferrornagnet with noncollinear sublattices. Simple 
magnetization waves, describing the motion of 180-degree domain walls of two types, are considered far from 
the spin-flip region. The specific nature of nonlinear magnetization waves within the spin-flip region is 
investigated. Solutions are obtained that describe two-parameter magnetic solitons, to which corresponds a 
periodic oscillation of the magnetization in a reference system moving with the wave. The properties of N -  
soliton solutions, describing the interaction of nonlinear waves, are discussed. Formulas are obtained that 
describe the velocity of steady-state motion of a domain wall under the action of an external magnetic field. 

PACS numbers: 75.30.Ds, 75.60.Ch 

In  a desc r ip t ion  of t h e  nonlinear d y n a m i c s  of magnet-  

i ca l ly  o r d e r e d  c r y s t a l s ,  t h e r e  a l m o s t  a lways  arises 
the  p r o b l e m  of t h e  p r o p e r t i e s  of i so l a t ed  magnet iza-  
t ion waves .  T h e  i n t e r e s t  i n  t h i s  p r o b l e m  is d u e  to the  
b r o a d  poss ibi l i ty  of d e s c r i b i n g  the  non l inea r  d y n a m i c s  
of a magne t i c  material in t e r m s  of non l inea r  waves .  
In p a r t i c u l a r ,  non l inea r  i so l a t ed  w a v e s  d e s c r i b e  an 
effect  t ha t  is i m p o r t a n t  p rac t i ca l ly :  t h e  mot ion of do- 
main w a l l s  (DW) a n d  of isolated magnetic d o m a i n s  du r -  
i n g  the  magnet iza t ion r e v e r s a l  of magnets. ' 

T h e  theory  of non l inea r  w a v e s  h a s  b e e n  developed i n  
greatest de ta i l  f o r  t h e  case of a magnet wi th  a s ing le  
subla t t ice .  It is known, however ,  t h a t  in m a g n e t s  wi th  

two equivalent  sub la t t i ce s  the  d y n a m i c s  of nonl inear  
waves is d i f f e ren t  in a n u m b e r  of i m p o r t a n t  f e a t u r e s .  
Among t h e  spec i f i c  f e a t u r e s  of t h i s  s y s t e m  m u s t  b e  in- 
c luded the  exchange c h a r a c t e r  of t h e  l imi t ing  veloci ty  
of motion of DW, '?~  which attains tens of k i l o m e t e r s  
p e r  ~ e c o n d , ~ - ~  and  the  p r e s e n c e  of c e r t a i n  types  of non- 
linear w a v e s  that  c o r r e s p o n d  to s ing le  boundary con- 
d i t i o n ~ . ~ ' ~  

A v e r y  i n t e r e s t i n g  class of s u c h  m a g n e t s  is the  weak 
f e r r o m a g n e t s  (WFM) ( in  p a r t i c u l a r ,  t he  rare-evarth or- 
t h o f e r r i t e s  (REO)), in which the  Dzyaloshinski i  i n t e r -  
action l e a d s  to noncol l inear i ty  of t h e  sub la t t i ce s ;  t ha t  is, 
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