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An analysis of frequency dependences of dislocation decrement of ultrasound attenuation Aa(f) behavior in
KBr, LiF and NaCl crystals was performed in experiments with variable temperature T and dislocation density A
of crystals, as well as with variations in dose of X-irradiation in the studied samples. It is shown that, unlike the
experiments with variable 7" and A, where the high-frequency asymptotes of the Ai(f) curves were represented by
families of straight lines, in the experiments with X-irradiated samples, a fundamental difference is observed —
they merge into a single straight line. Within the framework of the key relationship of the Granato-Liicke theory,
which describes the behavior of dynamic and structural characteristics based on the data of the post-resonance
region of the curves Aq(f), obtained within the framework of the amplitude-independent internal friction method,
the justification of the obtained results of experiments with the variables 7, A and the X-irradiation dose was
made. A prediction was made that the approximation of the Granato-Liicke formula, which describes the behavior
of high-frequency asymptotes for irradiated samples, should also work for experiments with a variable impurity
composition of the studied crystals. A comparison of the obtained A«(f)dependences on pure KCl and KCl + Ba
crystals (10-2 wt. %) was made, and the predicted effect of high-frequency asymptotes merging into a solid line in
experiments on crystals with variable impurity composition is proved. It is proved that the approximation of the
formula of the Granato-Liicke theory describes the anomalous behavior of the high-frequency asymptotes of the
Ad(f) curves for experiments with a variable concentration of any weak stoppers of the Friedel type.
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1. INTRODUCTION

Today, ionic crystals are widely used [1-9] in the ele-
mental base of devices for various purposes, for example,
optics (UV and IR optics), X-ray spectral analysis (as natu-
ral crystal monochromators), dosimetry (thermolumines-
cent dosimetry, detectors, scintillators), acoustics (delay
lines for electrical signals), laser technology (lasers with a
tuned wavelength on color centers) for control and diagno-
sis of processes in reactors, therefore the practical benefit
of their physical characteristics studying is high. In addi-
tion, these crystals are considered as model ones and the
main data set for constructing and testing fundamental
theories in solid-state physics was obtained on them.

For studies of dynamic and structural characteristics
of ionic crystals, the method of amplitude-independent
internal friction is used within the framework of the
Granato-Liicke dislocation theory [10] and the Alshitz-
Indenbom theory of dynamic inhibition of dislocations
[11]. On the basis of measurements of the frequency de-
pendences of the dislocation absorption of ultrasound
Ad(f) in the megahertz frequency range, results were ob-
tained for a significant number of LHCs: KBr, KCI, Csl,
LiF, and NaCl, they were considered in the review paper
[12]. For practically all of the mentioned crystals, the
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conducted experiments were aimed at studying the in-
fluence of temperature in the range of 77-300 K and the
influence of the density of dislocations A (or previous de-
formation ¢) on the localization of curves Aq(f), establish-
ing the corresponding dependences of the damping coef-
ficient B(T) and B(A) and the average effective length of
the dislocation segment L(7) and L(A), as well as deter-
mining the active phonon mechanisms of dislocations
braking in the framework of the theory [11]. The only
exceptions were LiF crystals, for which B(A) and L(A)
studies were performed within the framework of theory
[10] by different methods — to compare their effective-
ness and informativeness, and for which, in particular,
X-irradiated samples were used. The peculiarity of the
frequency spectra Aq(f) obtained by us on X-irradiated
LiF samples with different doses of irradiation was that
the high-frequency asymptotes used to calculate the dy-
namic and structural characteristics of crystals within
the framework of the theory [10], in contrast to experi-
ments with a variable dislocation structure of the sam-
ples or a variable temperature of the experiment,
merged into one line. Such a result was obtained for the
second time. Earlier, Stern and Granato conducted sim-
ilar studies on high-purity copper samples and recorded
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such an unusual effect for the first time, but they did not
provide a proper explanation for it [12].

In [13], we made a preliminary attempt to explain
the anomalous behavior of high-frequency asymptotes
for X-irradiated samples within the framework of the
theory [10]. Certain predictions were also made regard-
ing possible similar results for experiments with crys-
tals enriched with impurities. In work [14], the effect of
asymptotes merging into one line was noticed again and
was recorded for NaCl crystals with different doses of
X-ray irradiation in the range of 0-600 R and a residual
strain of 0.5 %. In addition, the work [15] was aimed di-
rectly at acoustic studies of dynamic and structural
characteristics in KCl crystals with impurities and it can
be the basis for identifying a new effect — the merging of
high-frequency asymptotes in experiments with variable
impurity concentrations.

In view of this, the purpose of this work is an overall
comprehensive analysis of all the obtained results and an
attempt to finally understand what causes the effect of
merging into one line the high-frequency asymptotes of the
frequency spectra of the dislocation absorption of ultra-
sound Ad(f) in acoustic experiments with irradiated crystals
and crystals with a variable impurity composition.

2. EXPERIMENTS, RESULTS AND DISCUS-
SION

For all KBr, KCL, LiF and NaCl crystals, the results of
which will be analyzed in this work, the technology of me-
chanical processing of samples, their annealing, control of
geometric dimensions and plane-parallelism of working
faces, choice of the mode of plastic deformation and metal-
lization of sample surfaces, as well as the methodology for
conducting of microstructural, low-temperature and acous-
tic studies and processing of results within the framework
of theories [10] are described in detail in the relevant pre-
vious works mentioned in the review [12] and are not given
separately here.

The only thing that should be noted here is that all the
obtained results were obtained in the same scientific labor-
atory [12] using the same equipment, means and experi-
mental technologies on crystals of the same series, so an
error in the data analysis caused by the presence of these
factors should not be expected.

Fig. 1 shows the effect of temperature in the range of
77-300 K on the localization of frequency spectra of the dis-
location decrement of ultrasound absorption Aq(f) in KBr
crystals with a residual strain value of £ = 0.75 % [12].
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Fig. 1 — Frequency spectra Aq(f) in KBr crystals with ¢ = 0.75 %
for temperatures 77-300 K
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We can see that each of the curves Aq(f) has its own
high-frequency asymptote. That is, we state that when
the temperature is varied at a constant £ (or A), the as-
ymptotes do not converge to one line.

Fig. 2 shows the influence of residual deformation for
LiF samples in the range of 0.17-1.3 % at a temperature
of T'= 300 K on the localization of frequency dependences
Aa(f) [12]. It can also be noted that the family of curves
Aa(f) corresponds to a family of asymptotes. That is, we
note that when varying ¢ (or the dislocation density A) at
constant T, the coincidence of the asymptotes into one
straight line is not observed.

It should be noted that the results presented for KBr
and LiF demonstrate clearly defined patterns that apply
to all studied LHCs [12] in studies with the variables T
and A.

Now let's consider the results of studies of Ad(f), in
which the experimental temperature and mechanical
state of the material were fixed, but the dose of X-ray ir-
radiation of the samples was varied.

100 ¢

-4
3 4,10

Fig. 2 — Frequency spectra Aq(f) in KBr crystals with values of
residual deformation & 1-0.17%, 2-0.29%, 3-0.5%,
4-1.3%at T=300K

Fig. 3 shows the effect of the irradiation time (the X-
irradiation dose rate at the location of the crystals was
0.11 R/s) on the localization of the frequency dependences
Ad(f) in LiF crystals with a residual deformation e =1 %
at a temperature 7'= 300 K [12]. The nature of radiation
defects that arose during X-ray irradiation in LiF crystals
was studied by us within the framework of the optical ab-
sorption method [16-19] in a separate paper [20].
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Fig. 3 — Frequency spectra Aq(f) for LiF crystals with =1 % at
T =300 K for the irradiation time ¢, min.: 1 —0; 2 — 20; 3 — 40;
4 — 60 minutes

Fig. 3 has a fundamental difference from the data pre-
sented in Fig.1 and Fig. 2 — the high-frequency
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asymptotes of different frequency spectra represent a sin-
gle common straight line.

A similar result was obtained for NaCl crystals [14],
as shown in Fig. 4.
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Fig. 4 — Frequency spectra Aq4f) for NaCl crystals with

£=0.5% at T= 300 K for samples with different doses of X-ray
radiation

So, we can state that the results obtained earlier by
Stern and Granato for Cu and by our group for LiF and
NaCl clearly indicate that in experiments on samples
with a constant dislocation density A (or &) and a fixed
temperature T, when the X-irradiation dose is varied, a
stable pattern is observed — the frequency spectra of the
dislocation decrement of ultrasound attenuation are de-
scribed by a single high-frequency asymptote.

To substantiate this pattern, we propose to use the
key relation of the Granato-Liicke theory, which describes
the main method of determining the coefficient of dy-
namic braking of dislocations B from the post-resonance
region of the measured dependences Aq(f) [10]:

4QGbH’A
= T2 5 (1)
A, 1,
where A»— decrement value for frequencies f significantly
larger than the resonant one, Q — orientation factor, G —
shear modulus of the operating sliding system, b — magni-
tude of the Burgers vector.

Combination of parameters £ ‘G b2is temperature de-
pendent and independent of the dislocation density. In ex-
periments with fixed T and variable A, as we know [12,
21], B does not depend on A, therefore the “equilibrium”
of Bis ensured by a combination of three parameters:

B =const ~

; @)

0 J o

The presence of a variable numerator also explains
the asynchronous change of parameters in the combina-
tion f»'A»when changing A, therefore Fig. 2 demonstrates
a noticeable spread of high-frequency asymptotes, due to
the fact that the equilibrium B is provided by three vari-
able parameters.

In experiments with a variable T, the situation is even
more complicated, because the damping coefficient de-
pends on the temperature [11, 12] and this change is de-
scribed by the behavior of the parameters of formula (1),
which depend on T:
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Gb
A, L.

The presence of many parameters that control the pro-
cess of temperature change in B causes the spread of high-
frequency asymptotes, which is demonstrated by the re-
sults shown in Fig. 1.

Finally, let's consider an experiment with 7= const,
A =const (experiments with X-rayed samples). It is
known that B does not depend on the radiation dose [12,
22], therefore, for this case, formula (1) acquires its “sim-
plest” approximation:

B # const =~

, 3

B =const =

A7 “4)

To ensure the invariance of B, the parameters f» and
A» (which usually respond to a change in the structural
state of the material, i.e., to the appearance of radiation
defects) must change synchronously, and in such a way
that their combination f. A= is constant. This means that
the high-frequency asymptotes will represent one com-
mon line for all Aq(f) curves, which is demonstrated by the
dependencies shown in Fig. 3, 4.

The approximation (4) presented by us not only sub-
stantiates the regularity of acoustic experiments with
X-ray irradiated samples, but also allows us to make
other assumptions.

It is obvious that not only radiation defects as point
centers of Friedel type pinning should lead to the conver-
gence of asymptotes into one solid line. Here we can men-
tion other “weak” stoppers on Friedel-type dislocations
[10], for example, impurities or magnetically sensitive
stoppers.

If this is indeed the case, then approximation (4)
should also explain the experiments with adding of addi-
tives into crystals at 7= const, A = const. To test this as-
sumption, we considered the results of our recent work on
KCI [15].

Fig. 5 shows the effect of residual deformation of
KCIl + Ba samples (10-2wt. %) in the range of 0.25-
0.75 % at a temperature of 7= 300 K on the localization
of frequency dependences Aq(f) [15].
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Fig. 5. — Frequency spectra Aq(f) in crystals KCl + Ba (10-2 wt.
%) with different values of & at T'= 300 K

It is seen that the curves Ad4(f) have different high-fre-
quency asymptotes. It is explained by the approximation
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described by formula (2) for experiments with fixed 7'and
variable A. From these curves, within the framework of
the Granato-Liicke theory, calculations of the dynamic
braking coefficient of dislocations B were performed, the
results of which are shown in Fig. 6.
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Fig. 6 — Dependence B (¢) for KCl + Ba crystals (10-2 wt. %) and
conditionally pure KCI crystals

The results presented in Fig. 6 demonstrated for the
first time that the value of B does not depend on the pu-
rity of the crystals (as well as on the presence of radiation
defects and on the dislocations density), which confirms
the theoretical predictions of Alschitz-Indenbohm [11]
that the level of B is limited only by the interaction of mo-
bile dislocations with the phonon subsystem of crystals.

Within the framework of our work, the results pre-
sented in Fig. 6 are interesting for us in the sense that if
the value B is constant, then at 7T = const, A = const, ap-
proximation (4) should work and the high-frequency as-
ymptotes of the dependences A4(f) for conditionally pure
KCl crystals and KC1 + Ba (10 -2 wt. %) crystals deformed
to the same value ¢ should coincide. To test this assump-
tion, we used two frequency spectra with the same
£=0.45 % — from previously obtained data for pure KCl
crystals [12] and for KC1 + Ba (10 -2 wt. %) samples [15],
which are presented in Fig. 7.

10 |
. [ 1- KCl

S 2- KCI+Ba(107w.%) .
~ N

T=300K
e =045%

Fig. 7. — Dependences Aa(f) for KCl + Ba crystals (10-2 wt. %)
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OCo00/IMBOCTI YaCTOTHUX 3AJI€KHOCTEH AUCIOKALINHOrO JeKPEMEHTY 3aTyXaHHA YJIbTPA3BYKY
IJiA IOHHUX KPHUCTAJIB 3 pagianiiiHuMu aedexraMmu i JoMimkaMmu
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1 Xapkiecobkuli HauIoOHAbHUL YHIgepcumem micbko2o 2ocnodapcemea imeni O.M. Bekemosa, 61002 Xapkis, Yrkpaina
2 HayionanvHutl Haykosull uenmp «XapkiscvKuil giduro-mexuiunuli incmumym» HAH YVrpainu, 61108 Xapxis,
Yrpaina

TIpoBenenHo aHasIia MOBEIIHKY YACTOTHUX 3AJIEIKHOCTEN JMCIIOKAIINHOTO IEKPEMEeHTY 3aTyXaHHs YJIbTPa-
3ByRY Ad(f) B kpucramax KBr, LiF i NaCl B mocaigax 3i 3MigHO0 TemmepaTrypoo 7' Ta T'yCTUHO JUCIOKAIIN
A kpucramis, a TaKoX 3 BApilOBAHHAM JI03U X-OIPOMIHEHHS y JOCJIJIKyBaHUX 3pa3kax. [lokasaHo, mo Ha
BigMiHY Bix mocsimis 3i amimaumu T'1 A, e BucokouacToTHI acuMnToTu KpuBux Aq«(f) Oyu mpesjcrasieHi ci-
MeHCTBaMU NPSIMUX JIHIHN, B T0CIigax 3 X-0OIpOMiHEHNMHY 3pa3KaMy CIOCTEPITaeThes JOKOPIHHA BIIMIHHICTH
— BOHU 3JIMBAIOTHCS B €IWHY MPAMY. B paMKax KJIIOUYOBOro CIriBBigHOMEeHHS Teopil ['pamaro-Jlokke, mo omu-
Cye TIOBeIIHKY JUHAMIYHUX 1 CTPYKTYPHUX XapaKTEePUCTUK Ha OCHOBI JIAHWX ITICJIS PE30HAHCHOI 00J1aCTI KpH-
Bux Ad(f), ofepskaHmx B paMKax MeTOy aMILIITY/THO-HE3aJIeKHOr0 BHYTPIIIIHBOTO TepTsl, 3p00JieHe 00IPyHTY-
BaHHS OTPUMAHUX Pe3yJIbTaTiB eKcrieprMeHTiB 31 amiauumu 7, A 1 103010 X-ompoMiHeHHs. 3pobieHe mepes-
GauenHst, 1m0 HaOMsKeHHs popmysu ['panaTo-JI0KKe, 1110 OIMCy€e MOBEAIHKY BUCOKOYACTOTHUX ACUMIITOT JIJIST
OIIPOMIHEHNX 3Pa3KiB Mae CIPallbOBYBATH 1 JJIs €KCIIEPUMEHTIB 31 3MIHHMM JIOMIIITKOBHM CKJIAL0M TOCIIIIKY -
BaHMX KpucTaiis. IIpoanamizoBano poboru Ha umerux kpucranax KCI i KCI + Ba (10-2 Bar. %), 3pobyiene
3iCTaBJIEHHS OTPUMAHUX 3aseskHocTe Ad(f) 1, TAKMM YMHOM, JOBEEHO Iepe10adyBaHuil HaMu e(PeKT SJITUTTS
BHCOKOYACTOTHUX ACUMIITOT B CYI[IJILHY JIIHIIO B €KCIIEPUMEHTAX Ha KPUCTAJIaX 31 SMIHHUM JOMIIITKOBUM CKJIA-
nom. JloBeneno, 1o HabaumkeHHs dopmysiu Teopii I'panarto-JIiokke ycrimHo onrcye aHOMAJIBHY HOBEIIHKY
BHCOKOYACTOTHUX aCUMIITOT KpUBUX Aqg(f) AK [1JIs1 JOCITIIIB 31 3MIHHOIO /103010 X-OIIPOMIHEHHS B 3pa3Kax, Tak
1 B @KCIIEPMMEHTAX, JIe BAPIIOETHCSA KOHIIEHTPAIIS JIOMIINMOK B KPHUCTAIaX. 3p00JIeHO BUCHOBOK, 1110 AHOMAJIHHA
TOBEIIHKA BUCOKOYACTOTHUX acUMITOT KPUBHUX A4(f) € abCcoTIOTHO mepeadadyBaHo0 JIs JOCTIIIB 31 3MIHHO
KOHIIEHTPAIIIe OyIb SIKUX CJIA0KUX CTOIOPIB PPUIEIIBCHKOTO TUILY.

Kmrouori ciosa: Jlucmorariitamii gexpement, Jledopmarriss, Onpomimenus:, {uciokarrii, Koedirienr nunaa-
MIYHOTO raJbMyBaHus, JloMirKmy.
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