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The results of the acoustic-properties’ study of high-purity (>99.999%)
cadmium enriched to 66.4% with the isotope '°°Cd and to 82.2% with the iso-
tope '®Cd are presented for the temperature range of 77-300 K. Isotopic ef-
fects are observed in the temperature dependence of the 50 MHz ultrasound
propagation velocity and attenuation. A comparison of the sound velocity
data for the 1°°Cd and ''°Cd samples has revealed a first-order isotopic effect
with a characteristic linear dependence on the isotopes’ masses difference,
and it determines the phonon-spectrum change caused by the isotope compo-
sition. Measuring the attenuation of the longitudinal ultrasound made it pos-
sible to detect a second-order isotopic effect with a quadratic dependence on
the isotopes’ masses difference. The quadratic effect is due to a disordered
isotope distribution, and it causes an additional relaxation mechanism for
phonon scattering.

Key words: natural cadmium, '°°Cd and ''°Cd isotopes, isotopic disorder, ve-
locity and attenuation of longitudinal ultrasound.

IlpezxcraBiIeHO Pe3yJIbTATH JOCTiIKEeHHA aKyCTHYHUX BIACTHBOCTEH BHCOKO-
yucroro (>99,999%) rangmiro, sb6araueHoro mo 66,4% isoromom °°Cd i mo
82,2% izoronom '°Cd, y remneparypsiit o6aacri 77-800 K. IsoTomiuHi edex-
TH CIIOCTepirajamncsa Ha TeMIIEPATYPHIN 3aJIeXKHOCTI IIIBUAKOCTHU IIOIIIUPEHHS Ta
3racaHHs YJIbTPasBYKY yacToToo y 50 MI'm. IlopiBHAHHS JaHUX AJS IMIBUIKO-
cru 3BYKY 3paskiB 1°°Cd i 1'8Cd BuaBise isoTomiunnii eeKT mepHIoro NopanKy
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3 XapaKTepPHOIO JIiHIAHOIO 3aJIesKHICTIO Biff pisKHUIIL Mac i30oTomiB i BU3BHaAUae
3MiHY (DOHOHHOTO CIIEKTDPY 3 i30TOmHUM cKJIagoM. MipAHHSA 3racaHHd IO3J0B-
KHBOTO YJIBTPA3BYKY YMOMKJINBUJIO BUSBUTH 130TONIUHUY e(eKT APyroro mo-
PAIKY 3 KBaAPaTUUYHOIO 3aJIeKHicTIO Bix piskHMIl Mac iszoromis. KBagparumu-
HUM e(peKT 1oB’ A3aHUl 3 HEYIMOPALKOBAHUM PO3IOiJIOM i30TOIIiB i 3yMOBIIIOE
IOATKOBUI peslaKCcallilHui MeXaHi3M po3cissHHA (DOHOHIB.

KarouoBi cioBa: mpupomnifi kammiii, isoronu °°Cd i 115Cd, isoromiunuii Ges-
Jajm, MIBUAKICTD i 3TacaHHsa IO30BXXHLOI'O YILTPA3BYKY.

IIpencraBieHbl pe3yIbTAThL UCCIENOBAHUA AKYCTUYECKUX CBOMCTB BHICOKOYN-
croro (>99,999% ) kagmusa, oboraméaaoro o 66,4% mo msoromy °°Cd u mo
82,2% mo usorony '°Cd, B TemmeparypHoii o61actu 77-300 K. Mzoronuue-
cKkue 3)eKTh HaOMI0IAINCh HAa TEMIIEPATyPHON 3aBUCUMOCTHA CKOPOCTH Pac-
IIPOCTPAHEHUA 1 3aTyXaHuA yabTpasByka yactoroii 50 MI'i. CpaBueHue gaH-
HBIX JJI CKOPOCTH 3ByKa 00pasmoB °°Cd u ''°Cd BelaBisgeT msoTommueckmii
9((peKT mepBoro MopAIKa ¢ XapaKTepPHOU JUHEHHOM 3aBUCUMOCTBLIO OT Pas3Ho-
CTH MacC M30TOIOB UM OMpeesieT u3MeHeHre (DOHOHHOI'O CIIeKTPa C M30TOM-
HBIM cOCTaBOM. V3MepeHue 3aTyXaHUs IPOAOJIBHOTO VILTPA3BYKAa II03BOJIMIO
00HAPYKUTD U30TONMNUECKU d(pPEeKT BTOPOro MOPALKA C KBaJPATUUYHON 3aBU-
CHMOCTBIO OT Pa3HOCTH MacC M30TOIOB. KBamparmuHblil s(pdeKT cBsA3aH C
HEYIOPALOYEHHBIM paclpee/ileHueM H30TOINOB U OOYCJOBJINBAET IOIOJIHU-
TeJbHBIA peJaKcalliOHHBIN MeXaHu3M paccessHus (P)OHOHOB.

KaroueBble ciaoBa: IpUpONHBIH Kaamuii, usoronsl °°Cd u '°Cd, usoronuue-
CKUii 6eCIIOPANOK, CKOPOCTD U 3aTyXaHHe IPOJOJIbLHOTO YITPA3BYKA.

(Received May 4, 2018)

1.INTRODUCTION

A successful development of a new line in applied physics, viz., isotope
engineering of materials, has made possible the production of isotopi-
cally enriched chemical elements in reasonable amounts [1]. This has
caused particular attention to investigating their physical properties
[2—5]. Generally, the isotope (mass) effects in crystals are divided into
two types of manifestation. The first one represents the dependence of
the properties on the average atomic mass M, of each chemical element

constituting the atom (M, = z c¢,M,, c;, M, are, respectively, the con-

centration and the mass of the i-th isotope). The second type represents

the dependence of crystal properties on the isotopic disorder factor g,
2

AM.
which is proportional to the i L | ratio, where AM,= M, — M,. This
type of the effect is not too large owing to the smallness of AM;, and it
is absent in monoisotope and isotopically ordered crystals. As things
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now stand, the most extensive studies of isotopic effects have been per-
formed on semiconductor single crystals such as carbon (diamond), sil-
icon and germanium, whereas the information on pure metals is lim-
ited to the electric resistance measurements in a polycrystalline state
of lithium [6] and cadmium [7] isotopes. It should be noted that the in-
vestigation of isotopic effects in cadmium metal is of interest, because
its natural composition includes eight stable isotopes: '°°Cd, '°®Cd,
110cq, *'cd, *2cd, **Cd, **Cd, '°Cd. Cadmium surpasses C, Si, Ge in
the number of isotopes without showing predominant content of any of
the isotopes. So, the cadmium metal may be expected to change its
properties with the enrichment in one of its isotopes. A particular at-
tention should be given to the isotopes '°°Cd and ''°Cd not only from the
scientific point of view, but also from the position of practical applica-
tions. For example, using them as the base, unique high-resolution and
ultralow-background scintillators are created for investigating the
properties of neutrino and weak interactions, for searching the effects
beyond the framework of the standard model of elementary particles
[8—-10].

The present work first deals with the ultrasonic properties of high-
purity cadmium enriched in '°°Cd and '*°Cd isotopes. The isotopic ef-
fects were observed in the temperature dependence (77-300 K) of the
propagation velocity and attenuation of longitudinal ultrasound of 50
MHz frequency. In the temperature range under study, cadmium un-
dergoes no phase transformations.

2. EXPERIMENTAL TECHNIQUE AND SAMPLES

Low-temperature ultrasonic studies were carried out in the pulsed
mode by the phase-sensitive bridge method. The longitudinal acoustic
waves were generated and detected by lithium niobate piezoelectric
transducers. The acoustic sample-transducer contact was provided by
silicone lubricant. The measuring equipment has enabled us to deter-
mine (at the given temperature and in one experiment) both the longi-
tudinal ultrasound velocity V; and the relative ultrasonic attenuation
Aa;. The error in the measurements was no more than +0.2% and 1%,
respectively. The studies were performed at temperature scanning
AT =1-2 K and at a temperature control to an accuracy of +0.05 K in a
single measurement. Table 1 gives the absolute isotope composition of
the '°Cd, ™®C, and "Cd (natural) samples obtained by mass-
spectrometry analysis.

To obtain reliable experimental data, it was necessary to compare
the isotope samples identical in the chemical impurity composition and
in structural characteristics. In the present experiments, the first re-
quirement was fully fulfilled due to carrying out the procedures of
deep refining by filtration with heating and distillation, which provid-
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TABLE 1. Absolute isotope composition of the °°Cd, !'5Cd, and "**Cd samples.

Cd atomic mass, Enriched in 1°°Cd, % |Enriched in 1**Cd, % [Natural **Cd, %

a.m.u.
106 66.4+0.4 0.11+£0.04 1.25+0.06
108 6.58+£0.05 0.1+0.05 0.89+0.03
110 5.06+0.05 1.8+0.03 12.49+0.18
111 4.83+0.01 2.01£0.02 12.80+0.12
112 8.85+£0.02 4.35+0.08 24.13+0.21
113 4.38+0.05 2.14+0.03 12.22+£0.05
114 8.77+£0.09 7.30£0.07 28.73+£0.42
116 1.497 82.2+0.1 7.49+0.18

ed the total purity of Cd > 99.999% [8]. Since the samples were made as
3.9x5 mm long cylindrical ingots, to attain the homogeneous struc-
tural condition of the samples, all technological stages of their manu-
facturing were carefully controlled. The polycrystalline ingots had a
coarse-grained structure with the crystal size being 0.2 mm. The den-
sity of the samples was determined by the hydrostatic weighing meth-
od. The X-ray diffractometry measurements have revealed that the
samples show the axial crystallographic texture with growth orienta-
tion [001], inclined at an angle of 50° + 2° to the cylindrical axis. The
creation of isotropic polycrystalline Cd metal samples with the face-
centred close-packed (f.c.c.p.) lattice presents a rather difficult prob-
lem because of a high elastic anisotropy and a low recrystallization
temperature of cadmium. The only rational method of obtaining relia-
ble data in this situation seemed to fulfil multiple independent meas-
urements. In this connection, eleven series of independent experi-
ments were carried out for each isotope sample taken separately. At
the same time, the scatter of the independent measurement results
provides the possibility of estimating the degree of their reliability.
After an individual series of experiments, the sample was held for 48
hours at room temperature in order to eliminate possible residual
stresses experienced during ‘cooling—heating’ thermal cycle.

3. RESULTS AND DISCUSSION
3.1. Longitudinal Sound Velocity
Figure 1 illustrates temperature dependences of elastic longitudinal

wave propagation velocities V;(T) of 50 MHz frequency in the tempera-
ture range from 77 to 300 K for cadmium samples isotopically enriched
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Fig. 1. Temperature dependence of 50 MHz elastic longitudinal wave propaga-
tion velocity in cadmium.

in 19°Cd, %Cd and natural "**Cd.

Table 2 lists the values of average atomic masses M, and the density
p of cadmium samples.

As it follows from Fig. 1, the behaviour of the functions V,(T) re-
mains practically the same for all cadmium samples, the only differ-
ence being the linear shift of the temperature dependences with the
change in the isotope composition. This manifestation of the linear
character of the isotopic effect directly testifies to the influence of the
isotope composition on the phonon spectrum deformation. In the quasi-
harmonic model of the phonon—phonon interaction, without considera-
tion of the isotopic disorder, the linearity of the first-order isotopic
effect is due just to the phonon frequency shift Aw; of specific phonon

modes inversely proportional to \/M,. In this case, the following con-

dition is fulfilled for the phonon modes of any isotope composition,
viz., the magnitude of effective power parameters is independent of the
mean mass value M, of the isotope, because the electron shell configu-
ration of atoms is rather weakly dependent on the nuclear size.

In Refs. [6, 7, 11, 12], using lithium, cadmium and germanium iso-
topes as examples, in the quasi-harmonic approximation, considera-
tion has been given to the influence of the isotope composition on the

TABLE 2. The values of average atomic masses M, and the density p of cadmi-
um samples.

No. Cd M,, a.m.u. p, g/cm?
1 106 108.15 8.2921
2 Nat. 112.508 8.6592

3 116 115.384 8.8602
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Fig. 2. Universal relation between the reduced longitudinal ultrasound veloci-
ty VO(T)(M®P ) MP) 2 and the reduced temperature T" for Cd isotopes.

temperature dependence of electrical resistance, thermal expansion,
lattice constant and elastic moduli. It has appeared that the parame-
ters of the properties of the samples different in the isotope composi-
tion are related to a first approximation by the universal relation,
which obviously demonstrates the linearity in the isotopes’ masses dif-
ference in the effect. Taking into account this consideration of the
first-order isotopic effect, our measurements of V,(T) can be similarly

) M®P M®
represented by the relations V”(T)=V?(T") Mc(” , T"=T M—fz),

c

which are dependent only on the ratio of masses of the compared sam-
ples, where M® is the stated isotope composition of mass 2 (Table 2);
M is the mass of the arbitrary isotope composition i. This result is

) M(i)
depicted in Fig. 2, where the reduced velocity V,” M” is plotted

(2)

along the axis of ordinates, and the reduced temperature T" is laid off
on the abscissa axis.

3.2. Attenuation of Longitudinal Sound

Figure 3 illustrates the temperature dependence of sound attenuation
Aa (T) in the ™*Cd, '*°Cd, and "'°Cd samples. For visual demonstration
of the effect of isotope composition on the sound attenuation, the set of
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Fig. 3. Temperature dependence of normalized attenuation of longitudinal
ultrasonic waves of 50 MHz frequency in natural and isotope composition
cadmium.

relative measurement data on Ao’ (T) has been normalized to a com-
mon value of attenuation at a temperature of 77 K, which is the start-
ing value in all the measurements.

The measurements were realized at the conditions corresponding to
the phonon—phonon mechanism of Akhiezer’s absorption, this being
testified by the characteristic S-shaped function Aa}**(T) for the natu-
ral isotope composition.

The isotope enrichment substantially changes the shape of Aa' (T)

curves, and this is indicative of the contribution of isotopic scattering
to the sound attenuation. In the isotope-enriched crystals representing
isotope mixtures, owing to their mass difference at the lattice sites,
and because of the presence of static disorder, the dynamic disordering
arises, i.e., the amplitude and phase of vibrations of a separate impuri-
ty isotope differ from those of the isotopes forming the matrix. The
dynamic disordering violates the translational invariance of the metal
lattice, and the phonons of the impurity isotope are not pure intrinsic
states of the harmonic Hamiltonian of the crystal (matrix) [3]. Note
that the isotopic phonon—phonon scattering is independent of the tem-
perature, and continuously contributes to the volumetric attenuation
of the longitudinal sound. The relaxation rate of the temperature-
independent isotopic scattering is proportional to the biquadrate of the
phonon wave vector and to the isotopic disorder factor

2
q = z C [Aﬂjf’ j [13]. The g values for cadmium samples are indicated
in Table 3.

In going from "*Cd to the sample enriched in '%°Cd to 66.4%, the ¢
factor shows nearly a three-fold increase, and this is reflected in the
radical difference between the temperature dependences of the sound.
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TABLE 3. The values of the isotopic disorder factor for cadmium samples.

cd Nat. | 106 116
q 2.7.10™ 8.8:10™ 1.6:10™*

The unusual shape of the function Aa}*(T) directly points to the dom-

inant role of isotopic scattering in the longitudinal sound attenuation
in cadmium. When passing to the sample enriched in **Cd to 82.2%,
the g factor value decreases by a factor of 1.7, but the general behav-

iour of the function Aa}'®(T) remains similar to that of Aa}**(T). High

L
enrichment provides the condition close to the monoisotope state, and
that appreciably reduces the level of the isotopic scattering effect on
the longitudinal sound attenuation. Finally, it may be said that, ac-
cording to preliminary data of the present work, the transverse sound
in cadmium is in many respects sensitive to the isotopic disorder, and
exhibits more clearly the isotopic scattering effect in the sound atten-

uation.
4. CONCLUSIONS

Thus, low-temperature (77 to 300 K) ultrasonic properties of high-
purity cadmium (>99.999% ) enriched up to 66.4% and 82.2% in the
19%Cd and ''°Cd isotopes, respectively, have been investigated for the
first time. The obtained results can be summarized as follow.

1. The precision measurements of the temperature dependence of the
longitudinal elastic sound wave (50 MHz) velocity have revealed the
first-order isotopic effect caused by the influence of isotope masses on
the phonon spectrum. The linear isotopic effect has been described in
terms of the universal relation dependent only on average isotope
masses in crystals.

2. The investigations on the temperature dependences of longitudinal
elastic ultrasound attenuation have allowed us to observe, for the first
time, the second-order isotopic effect, viz., isotopic phonon—phonon
scattering, and also, to estimate its direct contribution to sound atten-
uation by the isotopic disorder factor.
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