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The deformation of the phonon spectrum of the Ni lattice due to the injection of light Be
atoms is investigated experimentally using the inelastic scattering of cold neutrons. The
localized vibrational level of a Be light impurity atom in the Ni lattice is displaced con-
siderably relative to the position calculated theoretically in the isotopic impurity approxi-
mation. The width of the localized level is accounted for by anharmonicity and concentra-

tion broadening.

WE know [ that when an atom of a perfect
crystal is replaced with a light atom the phonon
spectrum of the now impure crystal can contain a
localized vibration having a frequency wD > wmax,
where wmgx is the phonon frequency limit of the
original crystal. For an isolated impurity, pro-
vided that the force constants of the interatomic
interactions remain unchanged, wp is given by
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Here € =1 — '/m, where m’ and m are the
masses of the impurity atom and an atom of the
original nucleus; g(w?) is the distribution func-
tion of the squared phonon frequencies in the orig-
inal lattice. A frequency is split only if
("zmax
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For a cubic crystal wp is triply degenerate; for
a crystal having any other type of symmetry this

degeneracy is either partially or entirely removed.

In dielectric crystals the appearance of localized
or quasi-localized vibrations accompanying im-
purity atoms is investigated using optical
methods.!?) For metals this investigation can be
performed only by using inelastic neutron scatter-
ing.

The theory of inelastic interactions between
neutrons and crystals containing substitutional
defects has been developed in [3‘5], and most
thoroughly of all in 14 1n the latter work it was
shown that by measuring the cross section for
inelastic neutron scattering on an impure crystal
we can obtain information about both the changes
in the phonon spectrum that follow the introduction
of an impurity atom, and the spectrum of the

original undisturbed crystal.

Mozer et al. were the first to attempt an inves-
tigation of the localized vibrational level of a light
impurity atom by means of inelastic neutron scat-
tering.[s] They studied solid substitutional solu-
tions of Ni in Pd with Ni concentrations varying
from 5 to 20%. However, the relatively small mass
difference between the original lattice atoms and
the impurity, as well as the inadequate energy
resolution of the measuring spectrometer, pre-
vented a reliable quantitative determination of the
properties exhibited by the localized vibrational
level of Ni impurity atoms in a Pd lattice.

In ' inelastic neutron scattering on samples of
the interstial system VH; ,, was studied. Unfor-
tunately, for interstital solutions no rigorous
theoretical relation has been established between
the cross section for inelastic neutron scattering
and the characteristics of impurity-atom vibra-
tions. Moreover, in the hydrides of such transition
metals as V, Ta, and B the mobility of hydrogen
is high at elevated temperatures, while at low tem-
peratures, even for low concentrations, a strong
interaction is observed in the hydrogen sublattice.
This hinders the study of the samples as systems
with isolated impurities. [8) 1t was therefore pos~-
sible to have as the width of the ‘‘localized’’ vi-
brational level of hydrogen in VHy o, Awp/wp
R 50%, where wp) > 2wyyax and the level is not
greatly broadened as a result of anharmonicity.

It appears that the responsibility for the broaden-
ing of the level lies either in the mobility of the
hydrogen or the existence of a band of vibrational
proton states in the lattice of the hydride even at
low hydrogen concentrations,

Using the inelastic scattering of cold neutrons
we investigated local vibrational levels in the
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phonon spectrum of Ni into which Be atoms had
been introduced as an impurity. This system was
selected for several reasons. The mass ratio of
the impurity and host atoms is small. This ratio
is € =0.85; therefore, according to (1), the
localized level should be quite distant from the
phonon spectral limit of Ni. A calculation per-
formed in the isotopic approximation using the
Debye spectrum of Ni with ® =400°K gave wp

= 2wmgx. This indicates that the localized level in
the spectrum of inelastic neutron scattering will
lie in a region containing only a weak background
due to two-phonon processes, and that the energy
resolution of the apparatus, AE/E £ 10%, is quite
satisfactory for detection of the localized level.

Large neutron scattering amplitudes coming
from both Be and Ni atoms facilitate distinctness
of the experimental localized level, because a con-
tribution to the scattering comes both from the
impurity atoms and from atoms of the host lattice
that are located in disturbed regions close to the
impurity atoms, although the amplitude of the per-
turbation falls off rapidly. In the measurements
using cold neutrons this was especially important,
because the localized level has a small population
at ordinary temperatures, yielding a small cross
section for inelastic neutron scattering, The fact
that we investigated the alloy Nij g4 Beg.gg, which
is a decomposing solid solution, imposed specific
requirements on the sample, a freshly prepared
alloy, whose homogeneity was checked by x-rays
both before and after the measurements. ..

The spectra of protons inelastically scattered
by polycrystalline samples of the host Ni and the
alloy Nij oBej ¢ Were measured at room temper-
ature with the apparatus described in (91 The
measurements were subjected to necessary ex-
perimental corrections; they were normalized to
the same initial cold neutron flux and to an identi-
cal number of Ni atoms in the samples. The pho-
non spectra of the test materials were then estab-
lished in the incoherent approximation; the results
of this procedure are shown in the accompanying
figure. The Ni phonon spectrum obtained here
agrees satisfactorily with earlier measurements
ip 110,111

The ‘‘phonon’’ spectrum of Ni, ¢Bej ¢¢ reveals,
in actuality beyond the spectrum of the original Ni
lattice, a clear additional peak with AE = 5
X 10~% ¢V that is associated with the localized
vibrations of Be impurity atoms in the Ni lattice.
The position of this peak is not what we would ex-
pect from the assumed isotopic character of the
impurity.
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While the calculation yields wp/wpax = 2, the
experimental result is = 1.5. The observed shift
of the impurity level relative to the calculated
value in the isotopic impurity approximation is
obviously associated, in the first place, with a
considerable change of the interaction constant
for impurity and host atoms. The results given
in "2/ permit a rough estimate of the change in the
interaction constant on the central-force model.
We find that the Ni-Be interaction constant is
more than 20% smaller than the Ni-Ni interaction
constant.

This is, to our knowledge, the first experi-
mental result that demonstrates directly the
change of the force constant for impurity atoms
and a metal (the deviation from the isotopic case).
Mainly on the basis of Mdssbauer effect measure-
ments for impurity atoms in metals, it was previ-
ously assumed that by means of the electron com-
ponent of the metal a ‘‘fine adjustment’’ of the
force constants for impurity-host interactions and
for host-atom interactions takes place. We cannot
exclude the possibility that the destruction of this
adjustment is characteristic of decomposing solid
solutions.

Besides the shift of the localized frequency with
respect to the frequency calculated for an isotopic
impurity, the investigated system is notable for
the relatively great width of the localized level.
Taking into account the total resolution of the ap-
paratus, we find Awp/wp ~ 18% for the intrinsic
width of the localized level.
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We can expect that the main reasons for the
broadening are: a) the finite lifetime of the local-
ized level, depending on the probability of its
decay because of anharmonicity and the electron-
phonon interaction; b) concentration broadening of
the localized level, since a finite concentration of
impurity atoms is accompanied by a substantial
interaction among them, which splits the localized
level; c) splitting of the localized level, resulting
from the possible destruction of cubic lattice sym-
metry by deformation fields arising near impurity
atoms when the sample is quenched. Unfortunately,
the broadening of the localized level is an ex-
tremely complex question that is not easily re-
solved quantitatively; we must therefore limit our-
selves to certain very crude estimates.

Since in the present case wp = 1.5 wyax, the
lifetime of the localized level is apparently
governed by three-phonon anharmonicity. An esti-
mate of the lower limit of localized level width
resulting from anharmonicity at T =0, based on
several investigations,m] is Awp/wp = 5% 1072,
At high temperatures the broadening can increase
by a factor of 3—10. A portion of the observed
localized vibration width is associated with the
electron-phonon interaction, which is of consid-
erable magnitude in the case of Ni, as could be
expected, and can be the main term at low tem-
peratures.[“] The range of broadening due to the
electron-phonon interaction is 1073—1072,

Additional broadening of the localized level,
resulting from a disordered distribution of the
isotopes in the original Ni lattice and also from
interactions between impurity atoms, has been
evaluated in accordance with [15]; the result is
Awp/wp & 3% 1072, It is not possible to evaluate
the third of the aforementioned factors.

From our investigation of the inelastic scatter-
ing of cold neutrons on Ni samples and the
Nij 94Beg.o¢ alloy we have thus established that
when Be atoms are added as an impurity in Ni
the phonon spectrum of Ni contains a localized
vibrational level of the light impurity atoms. The
location of this level is not consistent with the
calculated value in the isotopic approximation and
the level itself is very broad. Investigations of the
temperature and concentration dependences of the
position and width of a localized vibrational level
belonging to Be atoms in a Ni lattice will obvi-
ously enable us to establish more firmly the causes
of the shift and broadening of this level. Moreover,
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as can be expected, such investigations will permit
a better understanding of the nature of decompos-
ing solid solutions.

In conclusion the authors wish to thank Yu. M.
Kagan and M. I. Pevzner for their continual inter-
est and valuable suggestions; also Yu. Sereda,

V. G. Chudinov, Yu. L. Shitikov, and V. G.
Fedorov for assistance with the measurements
and treatment of the experimental data.

1. M. Lifshitz, UFN 83, 617 (1964), Soviet
Phys. Uspekhi 7, 549 (1965).

2D, N. Mirlin, V. S. Oskotskil, I. M. Remina,
I. A. Smirnov, V. V. Tikhonov, and I. F. Zhurkov,
FTT 7, 3003 (1965), Soviet Phys. Solid State 7,
2433 (1966).

SM. A. Krivoglaz, FTT 3, 3682 (1961), Soviet
Phys. Solid State 3, 2674 (1962).

4yu. Kagan and Ya. Iosilevskii, JETP 44, 1375
(1963), Soviet Phys. JETP 17, 925 (1963).

"R. J. Elliott and A. A, Maradudin, Inelastic
Scattering of Neutrons, JAEA, Vienna 1, 231 (1965).

8B. Mozer, K. Otnes, and V. W. Myers, Phys.
Rev. Letters 8, 278 (1962).

'R. Rubin, W. Kley, and J. Peretti, Euratom.
Report 552d, October, 1963.

8M. sakamoto, J. Phys. Soc. Japan 19, 1862
(1964).

IM. G. Zemlyanov and N. A, Chernoplekov,
PTE 5, 40 (1962).

1UN. A. Chernoplekov, M. G. Zemlyanov, A. G,
Chicherin, and B. G, Lyashchenko, JETP 44, 858
(1963), Soviet Phys. JETP 17, 584 (1963).

1B, Mozer, K. Otnes, and H. Palevsky, BNL-
7240, 1963.

124, A. Maradudin, P. Maxur, E. W. Montroll,
and G. H, Weiss, Rev. Mod. Phys. 30, 175 (1958).
13p, G. Klemens, Phys. Rev. 122, 443 (1961);
A. A. Maradudin, Ann, Phys. (N.Y.) 30, 371 (1964);

W. M. Visscher, Phys. Rev. A134, 965 (1964).
M. A. Ivanov, M. A. Krivoglaz, and V. F. Los’,
FTT 8, 866 (1966), Soviet Phys. Solid State 8, 691
(1966).
15p, G. Dawber and R. J. Elliott, Proc. Phys.
Soc. (London) 81, 453 (1963).

Translated by I. Emin
82



