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It is shown by using the method of inelastic incoherent scattering of cold neutrons by samples of V and 
its alloys with Ta and W that singularities appear in the spectra of one-phonon neutron scattering by the 
impurity-containing crystals. These singularities are due to the onset of quasi local oscillations (QLO) when 
the heavy Ta and W atoms are introduced into the V lattice. The character of the manifestation of the 
QLO in the doubly-differential cross section for neutron scattering by impurity crystals depends on the 
concrete ratio of the scattering amplitudes. 

PACS numbers: 63.20.Dj, 61.12.Fy, 61.70.Rj 

INTRODUCTION 

It is known that quasilocal oscillations (QLO) are pro
duced in the phonon spectrum of a crystal if it contains 
heavy impurity atoms. The possibility of the existence 
of such specific oscillation modes was predicted theo
retically by Kagan and Iosilevskil. [l] They were first 
revealed experimentally by the inelastic scattering of 
cold neutrons by an alloy of Mg with 2.8 at. % Pb, [2] 

and by the anomaly of the low-temperature heat capacity 
of the same alloy. [3] In subsequent experiments, the 
appearance of impurity phonon states in the physical 
properties of the crystals was investigated by various 
methods (see, e. g. ,[4)), but the most direct and unam
biguous method of determining the deformation of the 
phonon spectrum by the impurity is still the method of 
inelastic neutron scattering. 

Among the impurity systems investigated with the aid 
of inelastic incoherent neutron scattering, a special 
space is occupied by alloys based on vanadium. The 
cross section for the scattering of neutrons by vanadium 
is practically fully incoherent •. The coherent-scattering 
amplitude is negative and is small. Introduction of im
purities that are characterized as a rule by a positive 
neutron-scattering amplitude makes the alloy a more 
fully incoherently scattering system. From data on the 
doubly differential cross section u1n(w) for neutron scat
tering by such a system it is possible, in principle, to 
reconstruct uniquely the phonon-state density function 
g(w) and to determine quantitatively the energy position 
and the spectral characteristics of the impurity modes. 

Inelastic incoherent scattering of neutrons by alloys 
based on vanadium with tantalum and tungsten impuri
ties was investigated earlier in[S,6]. The results of 
these investigations were unexpected. Despite the rela
tively large difference between the masses of the host 
lattice and impurity atoms, only a slight change of 
Uln(W) was observed in[S) for alloys containing up to 5 
at. % of the heavy impurity, compared with u1n(w) of the 
pure vanadium, and no changes were observed in[S] (as 
against the expected doubling of Uln(W) at low frequencies 
within the framework of the isotopic approximation). 
Thus, either no QLO are produced in the investigated 
systems at all, or else some mechanisms smear out the 
QLO and depri ve them in fact of their resonant characters. 
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Experiments[7,8] have revealed an anomalous tem
perature dependence of the lattice component of the heat 
capacity of vanadium alloys with - 5 at. % Ta and W, 
thus evidencing the presence of QLO in these impurity
containing systems. To obtain more detailed informa
tion on the singularities observed earlier in[S], new 
measurements with higher resolution and with better 
statistical accuracy than in the preceding studies[S,6] 
were made of the inelastic incoherent scattering of neu
trons by samples of the original vanadium, V 0.943 Tao.0571 
and VO.94SWO.oss' 

MEASUREMENTS AND DISCUSSION OF RESULTS 

The measurements were performed with a time-of
flight spectrometer with a propane source of cold neu
trons. A cold-neutron flux - 6 X 106 neut/cm2 min was 
incident on a sample measuring 100x60x4 mm. The 
average energy of the incident neutrons was Eo = 4. 97 
MeV, with t:.Eo/Eo ~ 10%. The neutrons scattered by 
the sample were registered simultaneously by three de
tectors placed at angles 90, 75, and 60° relative to the 
incident beam. 

The alloy samples were prepared on the basis of 
99.98% pure vanadium with a resistance ratio R(300 K)/ 
R(Tc ) = 24, obtained from VEL-2 vanadium subjected to 
additional zone purification in a vacuum of 10-6 mm Hg. 
The x-ray structure and meallographic analysis data 
give grounds for assuming that the investigated alloys 
are single-phase and are substitutional solid solutions 
based on the bcc lattice of vanadium. Samples made 
from the same melts were used also for low-tempera
ture measurements of the heat capacity. [7,8] The sta
tistical error of the measurements in the region of low 
energy transfers by scattering amounted to - 3%. This 
required about 300 hours of measurements on each sample. 

Figure 1 shows the phonon spectrum go(w) of pure 
vanadium, reconstructed from the experimental doubly
differential neutron-scattering cross section. The 
spectrum duplicates the main singularities established 
in the earlier studies. [10] A weak singularity, usually 
attributed to the Kohn anomaly, [11] is clearly seen in the 
energy region close to 10 meV. The main peaks of the 
spectrum are less smeared out, probably because of 
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FIG. 1. Phonon spectrum of vanadium. The triangles indi
cate the resolution of the apparatus. 

the higher purity of the investigated vanadium. In addi
tion in this experiment it was possible to obtain for the 
first time information on the low-frequency part of the 
sPElctrum, down to 0.3 X 1013 sec-1 (- 2 meV). 

The results of the experimental determination of the 
probability of the single-phonon scattering by the sam
ples VO•943Tao.057 and VO.94SWO.05S' represented in a form 
analogous to the frequency distribution function, are 
shown in Figs. 2 and 3. The main singularities of the 
initial spectrum become somewhat smeared out for both 
systems. At low frequencies, O"ln(W) for pure vanadium 
and for vanadium with impurities practically cOincide, 
and at W"" 14 meV, i. e., at W= w*(QLO), a noticeable 
deviation of O"ln(W) from monotonic behavior is observed 
on the curves for the alloys. The probability of the one
phonon scattering increases for the VTa alloy and de
creases for the VW alloy. At higher frequencies, the 
spectra obtained for V and VTa coincide. In the case 
of VW, a shift of the spectrum boundary towards higher 
frequencies is observed. 

The results can be explained within the framework of 
the existing theory (see, e. g., [12]). Indeed, assuming 

O~~~~W-------2~O-------J~O-------q-O--~ 

C, meV 

f 2 3 'I 5 w,fO'Jsec" 

FIG. 2. Spectrum of the vibrational excitations of the alloy 
Vo. NaTao. Oif' ~ints-VTa spectrum, solid curve-V spectrum. 
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FIG. 3. Spectrum of vibrational excitations of the alloy 
Vo. 945WO. 055' Points-VW spectrum, solid curve-V spectrum. 

that all the atoms of a polycrystal scatter neutrons inde
pendently, and confining ourselves only to terms of 
first-order in the ratio of the recoil energy R from a 
single nucleus to the characteristic phonon frequency, 
we have 

(1) 

where ~O"= a(c) - a(c= 0) is the impurity correction to 
the one-phonon neutron-scattering spectrum; NT=(ew / T 

- 1)"1; c is the concentration of the impurity atoms; ao 
and al are the total amplitudes of neutron scattering by 
atoms of the initial lattice and the impurity; ~Klatt 
= (K1att(c) - K1att(c = O»/c, and K imp are the frequency 
Fourier components of the pair correlation functions 
constructed of the displacement operators of an arbi
trary solution atom and an impurity atom, respectively. 
ExpliCit expressions for the functions ~Klatt and K 1mp 

were obtained by Kagan and Zhernov for the case when 
the defects can be regarded as isotopic. ll3] A situation 
wherein the presence of impurities alters noticeably the 
effective local force constants was considered by Zher
nov and August. [14] 

Let us analyze the character of the behavior of the 
functions ~Klatt and K imp as functions of w in the pres
ence in the lattice of heavy impurity atoms. We con
fine ourselves to the qualitative aspect of the phenome
non. We neglect the change of the force constants. Ac
cording to[13] 

go(W) 

Kimp(w)= [l-£w'/(w) ]'+[:r£w'g,(w) r' 

1 {[ d . ~ dz'go(z') ][ .iiO dz 2 g0 (z') ]-'} 
.'.g(ul)=-Itn -.f(,l'S ""'. 1-fW'S. '. . 

."'"! dCl)- u)--:-~lf, w--:-·..Ldl 

(2) 

(3) 

(4) 

where £ = 1 - MdMo; Mo and M1 are the masses of the 
atoms of the matrix and of the impurity. The function 
~g(w) is by definition the correction, due to the pres
ence of impurity atoms, to the phonon state density 
function go(w). The impurity component of the phonon 
heat capacity is expressed directly in terms of ~g(w). 
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We note that as w - 0 the correction to the phonon
state density function(12J is 

(5) 

At the same time, as follows from (1)-(4), at al ~ ao we 
have 

Since e = - 2. 6 for the alloys VTa and VW, and the cor
rection due to the change of the force constants only de
creases here the value of t:.a, it follows that the weak 
deformation of t:.a could not be detected in the acoustic 
limit. 

In the frequency interval near w* the functions Kim. 
and t:.g take the form 

19«,)"<R(",) (1-,l'ifl). ,3,;:;1. 

1 r 1 1 
R(",)"" r",---. 

:I (",'-",.')'-1'" 3 If I . 

(6) 

(7) 

(8) 

It follows from (6)-(8) that near the frequency w* the 
functions Klm.(w) and t:.g(w) go through a clearly pro
nounced maximum. To the contrary, t:.K1att(w) is nega
tive at w~ w* and goes through a minimum. As a re
sult, t:.a/cRNT is determined essentially by the ratio of 
the total amplitudes of the neutron scattering by the im
purity and matrix atoms. Namely, if a ~» a~, then the 
function t:.a/cRNT goes through a sharp maximum (the 
Situation realized in MgPb[2J and TiU[l5J). At a~«a~ 
the picture is reversed: the function t:.a/cRNT goes 
through a sharp minimum. When a~~ a~, and this is 
precisely the relation between the total amplitudes of 
neutron scattering in solutions of Ta and W in V, the 
Singularities on the plots of a against ware less pro
nounced. 

I -

-2 . 

-If ~ 
! 

-5l 
-5 

I 
'J 

FIG. 4. Calculated values of the functions of the impurity 
crystals: a) K Imp; b) t:.K1att ; d) Ag for VW (solid curve-yo = 1'1; 
dashed-Yo=1,4Yl); c) t:.u/cRNT ; I-VTa (1'0=1'1)' 2-VW (Yo 
=1'1)' 3-VW (1'0=1.41'1)' 
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To illustrate the foregoing, Fig. 4 shows the form of 
the correlators of Kim. and AKlatt , and also the factors 
t:.gand t:.a/cRNT (a~~a~). The curves were obtained in 
the isotopic approximation and with allowance for the 
change of the effective local force constants Yl/YO' 
Figure 4c shows the curves for the cross section t:.a/ 
cRNT , calculated for concrete values of the total scat
tering amplitudes of V, Ta, and W. If it is assumed 
that the local force constants remain practically un
changed in VTa but change noticeably in VW, then a 
qualitative agreement is observed between the experi
mental and the calculated values: at w~ w* the cross 
section Aa/cRNT is positive for VTa and negative for 
VW. An analogous conclusion concerning the character 
of the change of Yl/YO was drawn in[7-8J on the basis of 
data on the measurement of the low-temperature heat 
capacity V with impurity atoms Ta and W. 

Attention is called also to the following circumstance. 
The end-point frequency of the phonon spectrum in the 
alloy of V with W turns out, as already noted, to be 
shifted towards higher energies. This indicates that in 
the VW system there is apparently a substantial re
structuring of not only the phonon spectrum but also of 
the electron spectrum. Therefore the usual approach, 
based on smallness of the perturbing influence of the 
impurity at concentrations up to - 5 at. %, turns out, 
strictly speaking, to be unjustified in the case of VW, 
and in similar cases it is necessary to carry out a spe
cial analysis that takes into account the more apprecia
ble restructuring of the excitation of the spectra of a 
system with impurities. 

Thus, the results of more careful measurements of 
the inelastic incoherent scattering of neutrons by pure 
vanadium and by vanadium with - 5% Ta and W impuri
ties, and a more detailed analysis of the results, have 
shown that the introduction of the heavy impurity atoms 
Ta and W into the V lattice is accompanied by the onset 
of QLO in the phonon spectrum. The characteristics of 
the QLO in these systems coincide with those estimated 
from measurements of the temperature dependence of 
the heat capacity[7,8J and confirm the latter. The dif
ficulties in the observation of the manifestations of the 
QLO in the investigated systems with the aid of neutrons 
are due to a fortuitous circumstance-that the ampli
tudes for the scattering of the neutrons by the matrix 
and impurity nuclei are close to each other. 
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