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The damped dislocation resonance in KBr crystals at 0.75 % residual strain has been
studied in the 77 to 300 K temperature range using the pulsed echo technique. The sample
strain change has been found to influence considerably the dislocation resonance localiza-
tion but does not affect the absolute value of viscosity coefficient B and its temperature
dependence. Basing on the frequency spectra and temperature dependences of other quan-
tities, the temperature-dependent variations of the dislocation damping factor, B, and the
average effective length of the dislocation segment, L, were determined within the men-
tioned temperature range. The dislocation fixation process in the crystals at 0.75 %
residual strain at temperature lowering has been found to be controlled by the simultane-
ous action of weak and strong stoppers. Comparing the experimental B(T) dependence with
theoretical curve calculated using the Alshits-Indenbom theory, it has been established
that the viscous dislocation damping in KBr crystals is limited by superposition of phonon
wind and "slow” phonon relaxation mechanisms.

VMIIyIbCHBIM 9X0-METOJOM HKCCJIeLOBaH 3aeMII()UPOBAHHBIA AMCIOKAIMOHHBLIA Pe30HaHC
B kpucraaaax KBr ¢ ocrarounoii mepopmamnumeii 0,75 % B TemmeparypHOM uHTepBaje 77—
300 K. OGuapy:xeHo, 4yTo usMeHeHue Aed)opManuy 00pasiia CyI[eCTBEHHO BJIMAET HA JIOKAJIM-
3alUi0 OUCIOKAIMOHHOIO DPE30HAHCA, OJHAKO He CKasbIlBaeTCsi Ha a0COJIOTHON BeJInYuHe
Koo(dunuenTa BASKOCTH B 1 ero remmeparypHoMm xoze. V3 aHasmsa 4aCTOTHBIX CIIEKTPOB U
TEeMIIEPATYPHOrO XOJa APYIUX BEJIUYUH OIPEIeIeHbl TeMIIePATYPHbIe M3MEHEeHUA KOoMUIiu-
enTa geMndupoBaHus AUCIOKAmuil B u cpegHell o(p(PeKTUBHON IJIMHBI IHUCIOKAIMOHHOI'O
cermenTa L B yKasaHHOM HHTEpPBaJie TeMIleparyp. BBISBJIEHO, UTO IIPOIlECC 3aKPeIIeHUs
IUCIOKAIMI B KPHUCTAJJIAX ¢ ocTaTouHoil mepopmanueir 0,75 % IIpu CHUIKEHUU TEeMIIEPATY-
PBI KOHTPOJIMPYETCH OJHOBPEMEHHBLIM AeficTBueM ciaalbbIX M CHJIBbHBIX CTOIOPOB. B pesyibra-
Te CpaBHEHUs 9KcIepuMeHTanbHOUN 3aBucumocTu B(T') ¢ TeopeTuuecKoil KPUBOIi, BHIUMCJIEH-
HOU 1m0 Teopuu Aubimmia-MHgenboma, yCTAHOBIEHO, UTO BA3KOE TOPMOMKEHNEe AUCIOKAIUI B
kpucramnax KBr aumurupyercs cymeprmosuriueil mexaun3moB (DOHOHHOI'O BeTPa M pPesakca-
Uy ' MeAJeHHBIX (POHOHOB.

© 2008 — Institute for Single Crystals

During last two decades, the phenomena
being demonstrated as displacements of in-
dividual dislocations in ionic crystals (e.g.,
the magneto-plastic effect) are under a
rather intense investigation using the mod-
ern experimental techniques [1]. The
authors have revealed a high sensitivity of
that effect to mechanical loading, electric
field, and X-rays. The damped dislocation
resonance being studied in this work is ex-
tremely sensitive to the above-mentioned
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factors. This work continues the studies of
the KBr crystal pre-straining effect on the
value and temperature dependences of pho-
non dislocation damping that were onset in
[2-5]. In particular, the anomalous shift of
the dislocation resonance maximum both in
amplitude and frequency has been revealed.
The information on acousto-mechanical,
damping, and elastic characteristics of the
crystals is of great importance both in de-
signing and exploitation of functional elec-
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tronic devices and in development of func-
tional materials with pre-specified perform-
ance characteristics.

The purpose of this work is to study in
experiment the phonon dislocation damping
and the specific features of the dislocation
resonance in KBr crystals pre-strained by
compression up to 0.75 % in the 77-300 K
temperature range. Such experiments are
carried out as a rule using high purity crys-
tals with fresh dislocations introduced
thereto by straining. Each sample is pre-
strained to not only cause the dislocation
resonance but also to provide its frequency
shift into a range convenient for observa-
tion. In [8], during the acoustic-mechanical
experiments on KBr crystals, an anomalous
shifting of the dislocation resonance maxi-
mum both in amplitude and frequency was
revealed. That maximum was established to
shift first towards lower frequencies and
then, after stoppage, to move in opposite
direction at a constant increase of the sam-
ple strain. Basing on frequency dependences
Ay (f) (where A; is the dislocation decrement
of ultrasound damping; f, the ultrasound
frequency), the dislocation damping factor
B was found to be independent of the dislo-
cation density A at T = 300 K. Along with
the established functional dependence B(A),
the author [3] has obtained the absolute
value of viscosity coefficient B in condi-
tions eliminating the error admissible at the
counting the etch pits. To obtain such re-
sults at temperatures lower than room one,
KBr crystals with residual strains of 0.5 and
1 % were used in [4, 5]. The strains were
selected intentionally to provide (according
to guidelines from [3]) the limiting shifts of
the resonance maximum in the Ay(f) curve
towards lower and higher frequencies, re-
spectively. According to [3], such a strain
causes a stoppage in the maximum shift to-
wards low frequencies that is changed to its
movement in the opposite direction. It is
expected that basing on the data obtained in
this work, the problem of possible effect of
the dislocation density A on the damping
constant B value and its temperature de-
pendence.

To study the temperature dependence of
the damping coefficient, B(T), a home-made
measuring setup was used that provided the
simultaneous measurements of the crystal
acousto-mechanical characteristics at wvari-
ous straining rates within wide temperature
and frequency limits using the waves vary-
ing in polarization and amplitudes [2-5].
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Fig. 1. Frequency dependences of dislocation
decrement for KBr samples with residual
strain of 0.75 % at various temperatures T, K:
1 - 300, 2 - 250, 3 — 200, 4 — 150, 5 — 100, 6 —
77,. Solid lines correspond to theoretical curves
[8] and their high-frequency asymptotes.

The frequency dependence of the ultra-
sound damping decrement Ay (f) was studied
in the frequency range of 7.5 to 217.5 MHz
and temperature range of 77 to 300 K for
KBr single crystals using the calibrated ex-
ponential curve superposition. To compare
correctly the results from this work and
those from the preceding ones, a series of
30 mm long samples having 18x18 mm?
cross-section was used cleaved out from the
same large single crystal and processed
using the same technology as in [3—5]. The
non-parallelism of the sample working faces
was 1 pm/cm. The fresh dislocations were
introduced by compressing the sample along
its long axis in the <100> direction coinci-
dent with the sounding one using an
INSTRON testing machine at the deforma-
tion rate of about 107° s™1. The samples
were pre-strained up to 0.75 % prior to
measurements.

Fig. 1 presents the experimental data on
the damped dislocation resonance for KBr
samples at the 0.75 % residual strain. The
Figure shows that the frequency position
and height of the resonance maximum vary
with temperature. As the temperature is
lowered, the dislocation loss decreases and
the resonance curves are shifted monoto-
nously towards higher frequencies. Consid-
eration of Fig. 1 evidences that the meas-
ured dislocation absorption as a function of
frequency, Ay(f), has the damped resonance
character [7]. The experimental values are
described well by a normalized frequency
profile calculated for the exponential distri-
bution of the dislocation loop lengths [8].
The theoretical and experimental curves
were compared using numerical methods,
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the experimental curve being pre-trans-
formed into log coordinates, 1gA,(lgf). Ac-
cording to recommendations [9, 10], the
theoretical curve was fitted to experimental
data only under orientation to the experi-
mental points belonging to the descending
experimental curve branch and in the reso-
nance region. According to [7], the relation-
ships describing the maximum position and
the descending resonance curve branch are
as follows:

A,, = 2.20A(AL2, @
. 0.084nC 2
™ 2BL?
_ 40Gb2A 3)
b n2Bf
Here, A, and f,, are the decrement and

frequency values in the maximum; A, the
decrement value for f >> f,_; Q, the orienta-
tion factor; A, the dislocation density; L,
the average effective length of dislocation
segment; Ag = (8Gb2)/(n3C), C being the ef-
fective stretch of bent dislocation (C =
2Gb2/n(1 — v)); v, the Poisson coefficient; G,
the shear modulus of the acting slip system;
b, the Burgers vector module. Using the
obtained resonance curves, the B value can
be calculated from the Eq. (3), the A being
previously determined from the high-fre-
quency asymptote and A by counting the
etch pits. The correct estimation of the vis-
cosity coefficient B requires obviously the
accurate values of other parameters in-
cluded in (3).

In this work, the temperature depend-
ences of Q and G parameters were used de-
termined before for unstrained KBr single
crystals [2, 11] at the acting slip system
{110} <110>. To calculate the temperature
dependences (T') and G(T), the formulas Q =
(Cyy — C19)® /4C11Gry) [12] and Gypg =
0.5(Cyy — Cy5) [18] were used in [2, 11] with
substituted elastic moduli C;, taken from
[2, 11]. The temperature-depended variation
b(T) of the b parameter were determined
using the equation b=a/\/(2) [18] taking
into account the thermal-induced changes in
the lattice constant, a(T) [14]. A special at-
tention was given to reduction of errors in
A parameter and monitoring of its possible
variations during the experiments. For the
selected sample geometry and its deforma-
tion direction, the slipping in the crystal
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Fig. 2. Temperature dependences of Gb2 pa-
rameter (1) and the dislocation damping con-
stant (2). In Curve 2, experimental points are
taken from [2], (O) [4] (e), [5] (A), this work
data (°) for KBr crystals with ¢ = 0.75 %.

occurs in four equally stressed slip systems
{110} <110>. The dislocations were revealed
by selective etching of freshly cleaved {100}
surfaces parallel to the crystal long axis. To
determine the dislocation density, 100 to
150 fields were selected characteristic of
various areas of the crystal faces. For the
samples with residual strain of 0.75 %, the
average A value, as determined by the etch pit
counting, has been found to be 9x109% m~2. The

absolute A value has been determined at an
accuracy of 15 to 20 % . This was attained
by using the slow crystal loading procedure
[15] resulting in homogeneously distributed
etch patterns arising on the crystal surface
without slipping strips.

The consideration of the dislocation
structure has shown that the dislocation
density in the strained crystal remains the
same both prior and after the measurements
mentioned. This is confirmed also by the
hysteresis absence in the «a(T) curves (o
being the ultrasound absorption) measured
at the sample cooling and heating. Indeed, a
longitudinal wave directed along the sample
long axis has the shearing stress compo-
nents in the same slip planes as the applied
compression stress. Thus, it interacts with
dislocations being in those planes. In such
conditions, the ultrasound damping should re-
flect the changes in the dislocation structure
parameters (the dislocation density A and the
average dislocation segment length L). A
change in A should obviously result in a
hysteresis loop in the o(T) curve, that is not
the case in experiment.

Fig. 2 shows the temperature-dependent
variations of the Gb2 parameter and the co-
efficient B of the dislocation viscous damp-
ing. It is seen that Gb2 increases and B
drops as the testing temperature decreases.
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Fig. 3. Comparison of B(T) dependences ac-
cording to Eq. (4) (curve I) with experimen-
tal data for a KBr crystal: °, data taken from
[2]; V, x, e, data from this work for KBr
crystals with ¢ 0.5; 0.75; and 1 %, respec-
tively. Curve 2, high-temperature asymptote;
D, theoretical parameter [16] used in Eq. (4).

The experimental B values for samples with
various dislocation density A have been
found to fall satisfactorily on one and the
same curve, thus evidencing that coefficient
B is independent of A parameter.

To explain the experimental B(T) curve
(curve 2 in Fig. 2), it was compared to theo-

retical one calculated using the expression
[16]

By _HhT/0) 0 (4)
50) = .0 (1 = Dfy(1)) + Dfo(T/9),

where D is a dimensionless parameter deter-
mined from experimental data by extrapo-
lating to zero the high-temperature asymp-
tote B(T)/B(0) as a function of T/6. The
comparison was carried out using the Debye
temperature 6 = 174.5 K calculated in [2].
The values of other functions included in
[4] were taken from [16]. The comparison
results at experimental value D = 0.4 are
shown in Fig. 3. The theoretical curve is
seen to describe well the experimental data.
The agreement between theoretical and ex-
perimental B(T) curves evidences that the
viscous damping of dislocations in KBr crys-
tals is limited by superposition of the
"slow” phonon relaxation and phonon wind
mechanisms.

Once the temperature dependence of B
was established, it became possible to trace
the temperature-dependent changes in the
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Fig. 4. Temperature dependences of effective
dislocation segment length L for KBr crystals
at different dislocation densities A, 10% m=2 :

1—-2.2, 2-4.5, 3-9.0,4-13.0.

average dislocation segment length L. Its
values were found using the relation (2) as
L =[0.084-G-b2/ B, (1 —v)]%% where the
Poisson coefficient v = C;5/(Cqq + Cq9) [13]
was determined from the values of elastic
moduli C;, calculated in [2, 11]. The tem-
perature dependences L(T) of the effective
length of dislocation segment for crystals
with different residual strains are presented
in Fig. 4. The trend of L shortening at low-
ering temperature is seen to be conserved at
any residual strain. However, at a continu-
ous strain increase, the L(T) curves are
shifted in height non-monotonously. First,
as the strain rises from 0.23 to 0.5 %, the
L(T) dependence is shifted towards larger L
values (Fig. 4, curves I and 2) and then, at
0.75 and 1 % strains, the shift sign is re-
versed (Fig. 4, curves 3 and 4). Considera-
tion of L(T) curves shows that the inversion
of the frequency spectra Ay(f) takes place
not at T = 300 K but also at other tempera-
tures within the 77 to 800 K range. A de-
tailed consideration of those curves has re-
vealed another feature of importance associ-
ated with variations in their slope. The L
quantity has been found to decrease by ap-
proximately the same value (by a factor of
1.35) for the samples with residual strain of
0.23 and 0.5 % at the temperature decrease
from 300 to 77 K. However, its relative
shortening at the same temperature de-
crease for the samples with residual plastic
strain of 0.75 and 1 % has been found to be
smaller (by a factor of 1.31 and 1.25, re-
spectively). The regularities revealed seem
to be connected with two different manners
of the dislocation segment pinning. At
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small strains (up to 0.5 %) when only pri-
mary slip planes are activated in the crys-
tal, the dislocations are pinned at the tem-
perature dropping by weak pinning centers,
namely, by point defects of complexes
thereof. As the strain increases (above
0.5 %), the dislocations of the primary slip
plane start to interact with the forest dislo-
cations arising in the secondary planes caus-
ing the formation of dislocation Dblocks
being strong pinning centers [7].

In [2], the possible causes of dislocation
pinning by stoppers and the experimentally
observed shortening of dislocation segment
length at the temperature decrease from
300 to 77 K were discussed in details. Ac-
cording to [2], after the sample pre-strain-
ing, a dislocation, being cleared out of stop-
pers, makes first forced vibrations in the
ultrasound wave field. The vibratory strain
amplitude of the wave was found to be 1077,
At such temperatures, the dislocation can-
not be pinned again due to high level of
thermal fluctuations and low binding en-
ergy between the dislocation and impurities.
The situation changes abruptly as the tem-
perature decreases. Now the density of the
elementary excitation gas starts to decrease
while the dislocation binding energy with
impurities and the linear tension force
(~Gb?) (Fig. 2) increase due to rising shear
modulus G. Thus, the impurity atoms be-
come real pinning points. These processes
caused by the temperature lowering result
in decreasing B values (Fig. 2) due to a sub-
stantial increase in A, as compared to QGb2
and the shortening effective length of dislo-
cation segment (Fig. 4) caused by its pin-
ning by "weak” stoppers unable to reveal
themselves at higher temperatures. The re-
vealed effect of decreasing changes in L at
temperature lowering (Fig. 4, curves 3 and
4) is due likely to strong stoppers arising in
the crystals with 0.75 % and 1 % residual
strains: in the presence of strong stoppers,
the part played by weak ones in the disloca-
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tion segment pinning becomes less and less
appreciable. At initial strains of 0.23 and
0.5 % when the forest dislocations are not
appeared in the crystal, the effective seg-
ment length L and dislocation density A are
still increased, that is manifested as the in-
creasing dislocation resonance amplitude
and its shift towards lower frequencies. If
such crystals are then cooled, the shorten-
ing of L therein will be the same in spite of
different dislocation structures. This is an
evidence that as the temperature decreases,
the dislocations in those crystals are pinned
by weak pinning centers only.
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Bnaue nmomepegHsoro nedopMyBaHHA KPHCTAJIIB
Ha (pOHOHHE TaJbMYBaHHS AHUCIOKAIIN

O.M.Ilemuenko, I'O.Ilemuenko

IMoynbcHMM JIyHA-METOLOM [TOCJiM:KeHO 3aaeMI(OBaHUII IUCIOKAI[IMHUNA PEe30HAHC ¥
kpucramax KBr is samumiosowo medopmamiero 0,75 % y TemmeparypHomy iHTepBasi
77-300 K. BuasmeHo, mo 3amMina medopmairii spaska iCTOTHO BIIJIMBA€ Ha JIOKAJi3alliio guc-
JIOKAIiiHOTO pe30HaHCy, ONHAK He M03HAYAeThCid Ha abCoJMIIOTHiN BeanuunHi KoedimieHnra
B’A3KocTi B i iioro TeMnepaTypHOMY XoJi. 3 aHaJi3y YACTOTHUX CIEKTPiB i TeMIepaTypHOTO
Xony iHMIMNX BeJUUYMH BU3HAUEHO TeMIlepaTypHi s3MiHU KoedilieHTa gemndyBaHHA IUCIIO-
Kariit B i cepeguboi e(peKTHBHOI MOBKUHU AUCJIOKAIiliHOrO cermeHTa L y BKasaHoOMYy iHTe-
pBaJi TeMmIepatryp. BusaBieHo, 1o Ipolec 3aKpilJieHHsA AWCJIOKAIiN y KpUcTajgaX i3 3ajul-
KoBoio medopmarnieo 0,75 % npu SHUIKEHHI TeMIepaTypu KOHTPOJIOETHCH OJHOUACHOK €0
cnabKuX i cuJIbHUX cTOmOpiB. ¥ pesysabTaTi MOPIBHAHHA EKCIIEPUMEHTAJbHOI 3ajleKHOCTi
B(T) i TeoperuuHoi KpuBoi, obumcaeHol 3a Teopicr Anabiuild-Iagen6oma, BCTAHOBJIEHO, IO
B’f8Ke raJibMyBaHH#A AUcJoKamiit y xpucrajgax KBr gimiryersesa cynepnosuniero mexanismis
(ouonHoro BiTpy i pemakcarfii "moBiIBHUX" ()OHOHIB.
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