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Absorption of longitudinal and shear supersonic waves in metals with body-centered or face-centered 
cubic lattices (Y, Nb, W, Mo, AI) is investigated along various crystallographic directions at 
frequencies in the 15-75 MHz range and temperatures from 300 to 1200 'K. At temperatures above 
500-600 'K the temperature dependence of the sound absorption coefficient cannot be explained by 
either the thermoelastic or the dislocation mechanism. It is shown that a possible source of 
high-temperature acoustic losses at megahertz frequencies may be point defects of impurity or thermal 
fluctuation origin. This explanation agrees with experiment both in order of magnitude and with 
respect to the temperature and frequency dependences. 

The propagation of ultrasonic oscillations in metals 
and semiconductors at low temperatures has been the 
subject of many papers [lJ , in which a detailed study was 
made of the interaction between elastic waves and 
phonons, electrons, dislocations, etc. in the frequency 
range 10-1010 Hz. It is important that when the tempera
ture is lowered the contribution made to the total absorp
tion of the sound by the conduction electrons is greatly 
increased, so that many subtle effects can be observed, 
based on electron-phonon interactions. Equally well 
studied was the room -temperature region (" 3000 K), 
where the decrease of the conduction-electron mean free 
path causes a weakening of the electronic mechanism of 
absorption, and the phonon processes become fundamen
tal, namely the deformation of the phonon distribution 
function, the dragging of the dislocations by the phonons, 
etc. On the other hand, investigations of the propagation 
of elastic waves at megahertz frequencies and at tem
peratures greatly exceeding room temperature are prac
tically nonexistent. This is due mainly to the experimen
tal difficulties that arise when such measurements are 
made. 

These include the installation of the piezoelectric con
verter against high temperatures in the measuring 
chamber, the production of a reliable acoustic contact 
at high temperatures, etc. It appears that the conse
quence of the absence of experimental data was also the 
very small number of theoretical papers in which the 
Singularities of the velocity and absorption of sound in 
metals and semiconductors at high temperatures were 
analyzed. The presence in the investigated object of 
specific mechanisms of interaction with elastic waves 
facilitates the interpretation of the experimental results. 
Thus, in [2J we investigated the relaxation of the electric 
conductivity in piezosemiconductors, and the contribution 
of ferromagnetic phenomena to the absorption of sound 
at high temperatures was studied in [3J. It is probable the 
search for general sound-absorption mechanisms at high 
temperatures is best started with metals having the 
Simplest lattices, namely body- and face-centered, in 
which it was reliably established that the main contribu
tion to sound absorption in the temperature region 
~3000K is made by dislocation and thermal elastic 
effects. 

We have investigated the absorption of sound at fre
quencies 15-75 MHz in single crystals of niobium, 
vanadium, tungsten, and molybdenum with bcc lattice, 
and also in aluminum, which has an hcp lattice, in differ
ent crystallographic directions and in the temperature 
intervaI300-HOOoK. The measurements were made 
with both longitudinal and shear waves. 
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EXPERIMENT 

To produce a reliable acoustic contact during the 
measurements in the entire temperature interval, a 
procedure described earlier was used [4J. The investi
gated sample was placed between the ends of waveguides 
made of fused quartz. One of the waveguides, with fixed 
position, could be oriented in angle with the aid of a ball 
and socket joint, thus ensuring adjustment of the system, 
while the second sound guide moving along the system 
axis, served as the clamp for the sample. The end 
phases of the waveguides and the sample were placed in 
a special hermetically sealed chamber. Stable acoustic 
contact without an intermediate liquid was ensured by 
clamping the moving waveguide to the sample and evacu
ating the air from the chamber (the chamber vacuum 
was ~ 10-2_10-3 mm Hg), The samples had a cylindrical 
shape with diameter 12-15 mm and length 15-20 mm. 
The accuracy of sample orientation relative to the crys
tallographic directions was 2-3 0

• 

The surface was finished to a roughness not exceeding 
0.03 jJ., and the end faces were parallel within not more 
than 1 jJ.. Prior to the measurements, the surfaces of 
the samples were polished with AP-1 diamond paste. 
The sound absorption coefficient (]I of all the samples 
was measured beforehand at room temperature at ap
propriate orientations of the sound propagation direc
tions and of the strains in the wave. In the temperature 
investigations, only the change ~(]I of the sound absorp
tion coefficient relative to its value at room temperature 
was measured. Measurements of (]I at room tempera
tures were performed by the usual pulse procedure. The 
details of the measurement of ~(]I were described in de
tail earlier [4J. After intr.oducing the diffraction correc
tions the coefficient (]I of the investigated single crystals 
was practically independent of frequency within the limits 
of experimental accuracy (~15%) at room temperature 
in the interval 15-55 MHz. 

At higher frequencies, the sound absorption coefficient 
increased with frequency nearly quadratically. The in
dependence of (]I of frequency below 55 MHz indicates 
that the main contribution to sound absorption of these 
frequencies, at temperatures ~ 300oK, is made by the 
dislocations. Consequently, the temperature measure
ments were limited mainly to this frequency range. 

Figures 1 and 2 show the measured changes of the 
sound absorption coefficient in niobium in the [HO] 
direction for the longitudinal, rapid, and slow shear 
waves, respectively. Analogous results for vanadium at 
a propagation direction [100] are shown in Fig. 3. It is 
easily seen that for longitudinal waves in both single 
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FIG. I. Temperature dependence of the absorption coefficient of 
longitudinal waves in niobium in the [110] direction: {;-15 MHz, 0-
25 MHz, \7-55 MHz, 0-85 MHz. 
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FIG. 2. Temperature dependence of the absorption coefficient of 
shear waves in niobium in the [110] direction: I, 2-fast wave, 3, 4-
slow wave; {;-15 MHz, 0-25 MHz. 
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FIG. 3. Temperature dependence of the absorption coefficient of 
sound in vanadium in the [100] direction: 1,2, 3-longitudinal waves, 
4, 5-shear waves, {;-15 MHz, 0-25 MHz, \7-55 MHz. 

crystals, and also for the rapid shear wave in niobium 
in the region of 1000a K, a distinct maximum is observed 
at all the investigated frequencies. The maxima at dif
ferent frequencies are shifted relative to one another; 
this shift has a relaxation character, namely, an increase 
in frequency shifts the maximum towards the higher
temperature region and increases somewhat its heighL 
For the shear waves in vanadium, and also for the slow 
shear wave in niobium, there was no maximum of sound 
absorption. Heating above room temperature was in this 
case first accompanied by a decrease of the sound ab
sorption coefficient; the increase of (II started only at 
sufficiently high temperatures (800-9000 K). Similar 
results were observed for longitudinal and shear waves 
in tungsten and molybdenum in which sound propagated 
in the [111] direction (Fig. 4). 

In all the investigated metals with bec lattices, the 
measurement did not lead to disruption of the structure 
and properties of the samples. In other words, the curves 
in Figs. 1-4 are average results of numerous measure
ments made on the sample samples. 
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FIG. 4. Temperature dependence of the absorption coefficient of 
longitudinal waves in tungsten and molybdenum in the [II I] direction: 
I-tungsten, 2-molybdenum; {;-15 MHz, 0-25 MHz, \7-55 MHz, 0-
85 MHz. 

All the investigated metals with bec lattices have a 
sufficiently high melting point, much higher than the in
vestigated temperature range. To increase the tempera
ture interval accommodated by the apparatus it would be 
necessary to replace the fused-quartz waveguides, a 
difficult task if a small ultrasound damping is to be 
maintained in the waveguides up to very high tempera
tures. To investigate the effects at temperatures close 
to the melting point we have therefore performed meas
urements in aluminum, a metal with a face-centered lat
tice (Tmelt = 660°C). 

Figure 5 shows the results of the measurements in 
aluminum with longitudinal and shear waves, for sound 
propagating along the [111] axis. We succeeded in ob
serving here a relaxation maximum in the [111] direc
tion at a temperature ~ 600o K; at low temperatures, just 
as in the bcc metals, a decrease is noted in the sound 
absorption coefficient with increasing temperature. 

It should be noted that in aluminum, the measurements 
disturb the acoustic properties of the samples. This may 
be due to the fact that at temperatures close to the melt
ing point even the low pressures needed to maintain a 
stable acoustic contact lead to noticeable strains in the 
sample. We note inCidentally that no changes were ob
served in the acoustical properties of the samples when 
the measurements were limited to the interval 
650-700a K. To ascertain whether the observed relaxa
tion maxima are the consequence of deformation of the 
samples, control measurements were performed, in 
which a special device was used to increase the pressure 
on the upper waveguide, and consequently also on the 
sample, to 3-4 atm. It turned out here that the charac
ter of the temperature dependence of t.(II remained the 
same, although the height of the maximum decreased to 
values 0.5-1 dB/cm. Figure 5 shows therefore the aver
age results of single measurements of t. (II in three sam
pIes. 

Thus, the results of the experimental investigations 
in bec and fcc metals, in the frequency range 15-55 MHz 
and at temperatures 300-1100a K, reduce to the follow
ing: 

1. In the investigated bcc metals, for strains in the 
ultrasonic wave in the direction of the body diagonal, one 
observes first a decrease in the sound absorption coeffi
cient, and then a monotonic increase. There is no fre
quency dependence in this case. 

2. At ultrasonic-wave strains that do not coincide 
with the body diagonal the absorption coefficient of the 
sound in investigated metals has a distinct relaxation 
maximum. 

3. In aluminum (fcc lattice), when the strains in the 
ultrasonic waves are in the direction of the body diag-
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FIG. 5. Temperature depen
dence of the absorption coeffi
cient of longitudinal waves in 
aluminum in the [III] direc
tion: .6-15 MHz, 0-25 MHz, 
'1-55 MHz. 

onal, a relaxation maximum of sound absorption is ob
served. At slight rises above room temperature, a first 
decreases; in this temperature region there is no fre
quency dependence of the sound absorption at' 15-35 MHz 
within the limits of experimental accuracy. 

DISCUSSION OF EXPERIMENTAL RESULTS 

As is well known, at temperatures on the order of 
3000K the main contribution to the sound absorption in 
metals in the megahertz range is made by thermoelastic 
and by dislocation losses (a contribution can also be 
made by the Akhiezer mechanism). In the high-tempera
ture region, however, none of these can explain the tem
perature dependence of the sound absorption coefficient. 
Indeed, in the frequency range 107-108 Hz the condition 
WT « 1 (T is the average relaxation time of the thermal 
phonons) is satisfied with large margin. Consequently, 
for the thermoelastic (and Akhiezer) losses we should 
have a 0:: w2, something not observed in our experiments 
either at room temperature or at higher temperatures. 
Numerical estimates [1J for the thermoelastic losses 
yield, for example, for tungsten a value 
~0.02-0.03 dB/cm, and for aluminum in the [111] direc
tion a value 0.1 dB/cm, which amounts to 10-20% of the 
over-all sound absorption coefficient at 300o Ko 

Dislocation losses at the investigated frequencies at 
small deformation amplitudes are connected with the 
damping of the dislocations, and ad is expressed in the 
following manner in terms of the damping constant B, 
the dislocation density A, and the dislocation length L [1J; 

_ Q ( 41J.b' ) 'AL' ro'd 
(Xd-- -- Wo , 

s n'C (roo'-ro')'+(rod)' 
(1) 

where Q is an orientation factor, /J. is the shear modulus, 
b is the Burger's vector, Wo = 1TL-1(C/ A)1/2, d = B/ A, 
A and C are certain constants in the equation of motion 
of the dislocations, and s is the speed of sound. 

The fact that a has no frequency dependence at the 
frequently obtained large damping (d/wo » 1) indicates 
that WT d »1 (T d == d/w~), and the absorption coefficient 
is in this case 

Q 4IJ.b' 
ctd=---A 

s n'B . (2) 

It is important that under these conditions ad does not 
depend on the dislocation-loop length. We shall not dwell 
here on estimates of A and B from (2), inasmuch as at 
present there are no reliable methods of determining A 
in the volume of a metal, and note only that the values of 
a measured by us for niobium for longitudinal and both 
shear waves differ little from the results of Mason and 
McDonald [5J, who obtained 2.4 x 10-4 dyn-sec/cm2• 

The temperature dependence of ad from (2), at con
stant dislocation density, is determined mainly by the 
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damping constant. According to Al'tshitz and 
Mal' shukov [6J, at high temperatures we have 

,-' t'e'dt T 
B-x' ~ (e'-i)' , x""'e' (3) 

from which at temperatures T ~ ® (® is the Debye tem
perature), we get B 0:: T. Consequently ad 0:: l/T. We 
emphasize that neither the increase of the mobility of 
the point defects with increasing temperature, nor their 
diffusion to the dislocations, nor therefore the change of 
the lengths of the dislocation loops in the considered fre
quency range (WT d » 1), should change the temperature 
dependence of ado Indeed, for most investigated metals 
in the temperature interval 300-600o K there is observed 
a decrease of the sound absorption coefficient approxi
mately like l/T. However, further increase of the tem
perature is accompanied by an increase of a, in contrast 
to (2). If it is assumed that the increase of a is the 
consequence of the condensation of the point defects on 
the dislocations and violation of the condition WT d » 1, 
then it is difficult to explain the reproducibility of the 
results of numerous measurements. 

To check on the contribution of the condensation of 
the point defects on the dislocations to the total absorp
tion of the sound in the aluminum samples, we measured 
the absorption of sound in three samples as a function of 
the annealing temperatureo Within an experimental ac
curacy of ± 0.2 dB/cm, the results were identicaL Sim
ilar results were obtained also for bcc metals, in which 
we observed no dependence of a on the annealing tem
perature (800, 1000, and 12000K)o It is probable that the 
growth of the absorption coefficient at high temperatures 
in metals cannot be satisfactorily attributed to either 
dislocation or thermoelastic losses, and it is necessary 
to search for particular high-temperature mechanisms 
of sound absorption. 

One of the causes of sound absorption in metals at 
high temperatures in the megahertz range may be point 
defects in the form of impurity atoms. Absorption of 
sound as a result of impurities in bcc metals has been 
investigated in sufficient detail [7J at frequencies 
1-10 Hz and temperatures up to 300-400o K. To reveal 
losses of this type it is necessary that the strain field 
around the defect have a symmetry different from the 
lattice symmetry, and this produces in the lattice cer
tain preferred directions. If the defects can be in sev
eral equivalent crystallographic positions, and the ap
plied mechanical stress changes the free energy connec
ted with these poSitions by unequal amounts, then to 
restore the equilibrium it is necessary to have a suitable 
redistribution of the defects in the lattice, and it is this 
which causes the absorption of the sound. 

The redistribution of the impurity atoms to new 
equilibrium positions proceeds via diffusion. Accord
ingly, the relaxation time T of this process can be repre
sented in the form Toexp (E/kT), where To is a certain 
constant proportional to the diffusion coefficient, E is 
the activation energy of the diffusion motion, and k is the 
Boltzmann constant. It is obvious that a, which is con
nected with point defects of this type, should be strongly 
anisotropic with respect to the applied mechanical 
stress. According to the experimental results [7J, the 
activation energy for bcc metals is 20-30 kcal/g-mole, 
To"'" 10-13 sec, and consequently the relaxation time T at 
temperatures ~ 1000 0 K is of the order of 10-8 sec. This 
mechanism may be the cause of the observed relaxation 
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maxima in niobium for longitudinal and fast shear waves 
in the [110] direction (Fig. 1), and also in vanadium for 
longitudinal waves in the [100] direction (Fig. 3). 

Estimates of the relaxation time and of the activation 
energy from the condition WT = 1 and from the tempera
ture shift of the maxima of the curves shown in Figs. 
1-3, yield for niobium E = 33.5 kcal/mole in the case of 
measurement with longitudinal waves and 
E = 26,4 kcal/mole for measurements with shear waves, 
and for vanadium E = 30,8 kcal/mole, The results offer 
evidence that interstitial atoms, probably oxygen atoms, 
are responsible for the relaxation maxima in the niobium 
and vanadium, in good agreement with estimates given 
in [7J for the activation energy of the diffusion of oxygen 
atoms, obtained at temperatures ~300oK at 0.5 Hz. 
Somewhat different values of E, obtained from measure
ments with shear waves in niobium, seem to pOint to an 
anisotropy of the activation energy of the diffusion of im
purities in lattices of bcc metals, In order of magnitude, 
the concentrations of the impurity atoms calculated from 
the height of the maxima of [7J turned out to be 
~ 10-4_10-5 for both niobium and vanadium. 

However, the redistribution of the impurity atoms 
under influence of ultrasonic waves cannot explain by 
itself the entire aggregate of the experimental data. The 
point is that it is easy to show [7J that at certain ultra
sonic-wave strain directions there is no redistribution of 
the impurity atoms, These directions are, for example, 
the body diagonals of the bcc and fcc lattices. This case 
is realized when a slow shear wave propagates in the 
[110] direction, or a longitudinal wave in the [111] direc
tion, A similar absence of anisotropy occurs for shear 
waves propagating in the [100] direction. However, the 
experimental results (Figs, 2-5) pOint to the existence 
of an additional sound-absorption mechanism that causes 
a growth of Ci with increasing temperature at sufficiently 
high temperatures, even at the ultrasound propagation 
directions considered above, and leads even to a pro
nounced relaxation maximum for aluminum. 

Point defects connected with the presence of impurity 
atoms in bcc and fcc lattices produce in the lattice as a 
rule [7J a deformation with tetragonal symmetry, when 
one of the directions of the cube becomes a fourfold axis, 
This is the reason for the absence of a contribution to the 
sound absorption in the case of strains along [111], If 
we attempt to explain the experimental results by assum
ing that the point defects constitute an elastic dipole with 
trigonal orientation (although no such defects have been 
observed so far in bcc and fcc metals), then a contribu
tion to the sound absorption appears in the case of strains 
along the body diagonal, but there is no absorption for 
strains along the axis of the cube [7J, which again is in 
contradiction with experiment. 

A possible source of absorption of ultrasonic waves 
at high temperatures may be thermal-fluctuation defects 
(vacancies, interstitial atoms, etc.) whose concentration 
is strongly temperature dependent. In this case, two 
sound-absorption mechanisms are possible. The first is 
analogous to that considered above and is connected with 
the redistribution of the thermal-fluctuation defects in 
the field of the ultrasonic-wave strains. Accordingly, in 
order for it to appear, it is necessary that the field of 
the strains around the thermal-fluctuation defect have a 
symmetry different from the lattice symmetry. The sec
ond is connected with the change of the equilibrium con
centration of the thermal-fluctuation defects in the course 

184 SOY. Phys.-JETP, Vol. 40, No.1 

of propagation of the ultrasonic wave, i.e., the ultrasonic 
oscillations modulate the probability of production and 
annihilation of thermal-fluctuation defects. In principle, 
the second mechanism should come into play at arbitrary 
direction of propagation of the ultrasonic oscillations, 
and its value should increase with temperature. The 
first to point out the possible contribution to sound ab
sorption by Frenkel vacancies in the megahertz band 
was Timan [8]. Numerical estimates of the sound absorp
tion as a result of thermal-fluctuation defects can be ob
tained from the Mandel'shtam-Leontovich relaxation 
theory [9J. To this end, we modify the customarily em
ployed relations of this theory so as to generalize them 
to the case of solids. 

In the considered case, the relaxing parameter is best 
chosen to be the concentration of the thermal-fluctuation 
defects, which varies as a function of the strain and of 
the temperature in the ultrasonic wave. We note inciden
tally that it is easy to show that the change of the local 
concentration of the point defects as a result of pressure 
and temperature gradient in the wave can be disregarded 
in the case of metals. 

Within the framework of the relaxation theory, the 
instantaneous changes DC of the local concentration of the 
point defects are connected with the equilibrium changes 
DC e via the relaxation time T': 

6ce 

6c = 1 + iun:' , 
• F F .t e _ cT .iT cUi/, 

uC - - -u - --Uik' 
Fcc Fcc 

(4) 

Here F is the free energy, uik is the strain tensor, and 
the subscripts of F denote differentiation with respect to 
the corresponding variable. The connection between the 
relaxation time and the probabilities of creation and 
annihilation of thermal-fluctuation defects will be dis
cussed later on. 

For the isotropic case, expanding the free energy per 
unit volume in a series, we have (the subscript zero per
tains to the unperturbed state) 

F(T, U'" c)=F(T, c,)+';'KuJI'+fJ-(U"'_'/3cSikUJI)'-K~ul/cST 
+ (FT ,),IlTcSc+ (F,.",) ,6cu.",+'/, (F,,) ,cSc', (5) 

where K is the isothermal elastic modulus, /.J- is the 
shear modulus, and f3 is the coefficient of volume expan
sion, 

Since ultrasonic oscillations can be regarded as adia
batic in the considered frequency region, the adiabaticity 
condition yields 

CvcST-T(FTo)OcSc+K~Ul/cST=O, (6) 

where Cv is the specifiC heat per unit volume at constant 
volume. Since the mechanical stress O'ik = F uik' we ob
tain from (5), taking (4) and (6) into account, 

(7) 

Here Kad is the adiabatic modulus of elasticity 
r;=r;'Cv/Cv" Cv,=Cv+TFoT'jF". 

Consequently the sound absorption coefficient is equal to 

a=-"'-Im~ 
2ps' u" ",'r; (8) 

2 'C C F (K~T{jikF,,-CvFcu )'-1+ ' " 
ps VQ V CC ' (l) 't 

where s is the speed of sound for the corresponding type 
of wave and for the corresponding propagation direction, 
and p is the density. 
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Thus, we can use (8) to calculate (JI, if we know the 
dependence of the free energy on the concentration of the 
point defects. 

To calculate (JI in the anisotropic case it is necessary 
to modify the expansion (5): 

F(T, u", c) = F(T" co) + (FT) ,IlT+'/2 (FTT ) ,IlT2+'/2A;.,mnU"Umn 

-Aik,m"~mnoTu;k+'I, (Foe) ,Ilc'+ (Feu;.) ,u;,oc+ (FTe ) ,lleoT; (9) 
A11i,m7!==F U ,II U 11111 A.ill,mn~mn===-t/2,F TU,Ii" 

Accordingly, the adiabaticity condition takes the form 

(10) 

whence 

(11) 

If Co « 1, which is always realized for thermal-fluc
tuation defects up to the melting temperatures, then a 
crystal with defects can be regarded as a weak solid 
solution, in which the defects play the role of the dis
solved substance. In this approximation, the free energy 
per gram-atom of a crystal with defects can be repre
sented in the form [10J 

(12) 

Here Foo is the free energy of the crystal without defects, 
n is the total number of defects, and Ij! is a certain func
tion of the temperature. 

It is easy to show that for thermal-fluctuation defects 
Ij! is constant with good approximation. Indeed, the 
equilibrium defect concentration, which corresponds to 
the minimum of F, turns out to equal exp(-Ij!/kT). On the 
other hand, numerous experimental data on the specific 
heat and the coefficient of volume expansion at high tem
peratures (see, e.g., [llJ), are well described by the re
lation exp(-const/T). 

In a deformed crystal with defects there appears in 
(12) an additional term of the form cEint [12J. For bcc 
and fcc crystals in the approximation linear in the elastic 
deformations we can represent the interaction energy in 
the form [12J 

Eint=-KQikUillt (13) 

where 0ik is a symmetrical tensor characterizing the 
deformation of the lattice as a result of the appearance 
of a single defect. 

Since the volume change due to the appearance of the 
defect is equal to 0ll/3, it is natural to assume for an 
interstitial atom nZZ > 0, choosing 0ll ~ a3, and to as
sume 0ll < 0 for a vacancy [12J. Consequently, the sound
absorptlOn coefficient due to the thermal-fluctuation de
fects of one type can be written in the following form: 
for the isotropic case 

(J. 
e ,N (0', 

2 'C C (K~kTlnco,.+KCvQ;.)'----, 
s' ,'" ,·kT M 1+(0',2 (14) 

(N is Avogadro's number and M is the atomic weight), 
and for the anisotropy case we can write 

If the crystal contains simultaneously several types 
of point defects with respective concentrations ci> then at 
ci « 1 (which as a rule is realized up to the melting 
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temperature) we have (JI = Lai' In the investigated high
melting point bec metals, owing to the large formation 
energy (several electron volts), the contribution to the 
sound absorption from the Frenkel defects is small, 
since their concentration up to temperatures 12000 K 
does not exceed 10-8_10-10• A more probable source of 
sound absorption at temperatures much lower than the 
melting point are metastable interstitial atoms crowdion 
configurations, i.e., atoms that have left "their own" site 
and have penetrated into the neighboring interstice, caus
ing a slow shift of the surrounding atoms in one of the 
directions. These configurations turn out to be mobile 
even at low temperatures, and have a sufficiently low 
formation energy [13J 0 

If we assume for Simplicity that the respective crea
tion and annihilation probabilities Acr and Aan per unit 
time do not depend on the number of the site and inter
stice and are determined only by the properties of the 
crystal, then the relaxation time T' of such a process 
can be obtained in the following manner: We represent 
the time dependence of the total number of defects n in 
the form 

(15) 

At equilibrium n = 0 and accordingly the equilibrium 
concentration at n« N is ce = n2/N = Acr/ Aan' The 
sound wave, by modulating the defect creation and anni
hilation probabilities, changes the number of defects. 
Denoting the amplitude of this change by on, we have, 
accurate to linear terms 

(16) 

Since on ~ eiwt, it follows that T' == 1/ Aan and 
Iln' oe' 

tin = 1 +i(O," oe = 1 +iWT . (17) 

Thus, the relaxation time is determined by the fre
quency of annihilation of the point defects. The frequency 
of the transition of the system from one state to the 
other can be represented in the form Acr = vexp(-rp/KT) 
and Aan = v' exp (-rp' /kT), where v and v can be treated 
as the effective frequencies of attempts to overcome the 
potential barrier, and accordingly T = To exp (rp' /kT). It 
should be noted that there are indications [13j that the 
crowdion configuration becomes metastable at suffi
ciently high temperatures, and this requires that terms 
that account for this circumstance be introduced in (15). 
In addition, it is necessary to take into account in (15), 
generally speaking, the probability of departure of the 
defect from its own vacancy, which of course decreases 
Aan' In this case, the calculation of the relaxation time 
from (15) is modified. However, consideration of these 
effects is beyond the scope of the present paper, and we 
shall show that (14) and (15) lead to the correct tempera
ture dependence of (JI and to a reasonable order of mag
nitude of the quantities. 

In the investigated range of frequencies and tempera
tures, no frequency dependence of (JI was observed, thus 
evidencing satisfaction of the condition WT »L There
fore 

c(O'-r:/ (1 +(O'-r:') =Acr 

and it is possible to calculate the value of rp from the ex
perimental data. rp = 0.36, 0.29, and 0.27 eV for tungsten, 
molybdenum, and niobium, respectively, and these are 
quite close to kT melt of each metal (0.32, 0.25, and 
0.24 eV for tungsten, molybdenum, and niobium, respec
tively). This agreement is perfectly reasonable, since 
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FIG. 6. Theoretical temperature dependences of the absorption of 
sound for tungsten (a) and aluminum (b). Curves I and l' -absorption 
due to thermal-fluctuation defects, curve 2-absorption due to dislo
cations, curves 3 and 3' -absorption due to both mechanisms; curves I 
and 3-15 MHz, I' and 3' -25 MHz. Points-experimental data corre
sponding to Figs. 4 and 5; the symbols are the same. 

the production of a point defect of the crowdion type is 
equivalent to "local melting," Figure 6 (curve 1) shows 
the calculated function a (T) for tungsten with cp = 38 eV 
(we assumed in the calculation that n~3 is equal to the 
interatomic distance). Curve 2 corresponds to the dis
location contribution to the absorption of sound and was 
obtained from the room -temperature values of the ab
sorption coefficient using a temperature dependence in 
the form ad ex: liT. As seen from the diagrams, the 
agreement between the calculated and experimental 
values is quite good. Analogous values are obtained also 
for the other investigated metals. 

In the analysis of the experimental results in alum
inum it is necessary to take into account the fact that, 
unlike the bcc metals, the measurement in aluminum 
were carried out at temperatures close to T melt' and 
accordingly, in addition to the effects considered above, 
thermal-fluctuation Frenkel defects can also contribute 
to the absorption of the sound. Indeed, if we assume 
cp = 0,1 eV for aluminum, then the modulation of the 
probabilities of the production and annihilation of the 
defects of the crowdion type yields a sound-absorption 
coefficient that does not exceed 10-15% of the measured 
value of a. 

The change of the Frenkel-defect concentration under 
the influence of deformations in an ultrasonic wave can 
occur in principle both as a result of the change in the 
probability of defects creation and annihilation in accord
ance with (15), and on account of modulation of the proba
bility of the annihilation of the defects during the course 
of their random wandering. The contribution of each of 
these processes to the absorption of sound can be esti
mated from an analysis of the experimental values of the 
potential barriers and of the pre-exponential factors. 

From (14), the condition that a be a maximum yields 

2cp' -cp 
0)1:' = cp+cp' , 
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so that cp' can be determined from the temperature shift 
of the maxima at the different frequencies, In addition, 
at low temperatures, where the condition WT »1 is 
satisfied, we have a ~ exp(-cp/kT), The values obtained 
in this manner turned out to be cp = 0.9 eV, cp' = 0.55 eV, 
and To = 3 X 10-13 sec. The equilibrium defect concentra
tion is 

( cp-cp') 
c' = exp - ---w- ' 

and yields for the formation energy EF of the Frenkel
defect (hole-interstitial atom) a value 0.7 eV 
(The Frenkel-defect concentration calculated directly 
from the condition that the free energy be a minimum, 
via the defect-formation entropy, is ~exp(-EF 12kT) [11)). 

The values of EF obtained from the acoustic measure
ments agree well with the results of measurements by 
other methods [11). Estimates for To offer evidence that 
the main contribution to the sound absorption is made by 
local changes in the probabilities of the creation and 
annihilation of the defects, since the annihilation during 
the random wandering process calls for much longer 
characteristic times (104_106 jumps). 

Thus, within the framework of the thermal-fluctuation 
mechanism, we can explain the main experimental results 
on the absorption of sound in bec and fcc metals at high 
temperatures, close in order of magnitude and with 
respect to the temperature and frequency dependences. 
We note in conclusion that the thermal-fluctuation mech
anism of sound absorption in metals at high temperatures 
is analogous in many respects to the absorption of sound 
in liquid metals, owing to the structural relaxation [14) • 

Relaxation in liquid metals is connected with the change 
of the structure of the short-range order under the in
fluence of the acoustic waves, and is a direct generaliza
tion of the thermal-fluctuation mechanism of sound ab
sorption to include systems in which all the atoms have 
translational degrees of freedom. Moreover, within the 
terms of the hole theory of liquids, the structural relaxa
tion is connected with a change in the hole density as a 
result of deformations in the ultrasonic wave. Conse
quently, in metals at high temperatures, regardless of 
the aggregate state, the absorption of sound is due mainly 
to the change of the local structure as a result of the 
deformation in the ultrasonic wave. 

The author considers it his pleasant duty to thank the 
partiCipants of Professor I. G. Mikha'ilov's seminar for 
a useful discussion. 
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