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Interconnection of defect parameters and stress-induced electric signals in ionic crystals
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Recent experiments in ionic crystals reveal tliat the absence of any external electric fiel time-
dependent electric polarization arises upon changing the rate of the uniaxial stress or by the indenter penetra-
tion into the crystal surface. The latter experiments lead to activation volumes, which are)asflaragnitude
smaller than those measured by Lazarus and co-wofRéngs. Rev. B5, 4935(1972; Phys. Rev. B3, 1726
(1973]. We show that this difference is not inconsistent with thermodynamical concepts of point defects.
Furthermore, an explanation of the nondetection of the cofracture electric signals at large distances, when the
crystal is surrounded by a weakly conducting medium, is sugge$6d63-18209)14801-X

Low-frequency electric signals.e., the so-called seismic location flow mechanism@ote also that a recent experimen-
electric signalshave been reportédo precede earthquakes tation stud{ in glass and marble—which do not have piezo-
(EQs. These earthquake precursors are detected at certaghectric properties that might complicate the picture—also
sites of the surface of the earth lying at distances of the ordeshows that electrical polarization arises upon mechanical
of 100 km from the focal arés), while no coseismici.e., at  loading with 7 of the order of 10 s; the charge carriers that
the EQ origin tim¢ electric disturbances have been recordedparticipate in this relaxation process are attribfitedveakly
at these sites. The present paper provides an attempt to pRinned iong. Independently, our grodp® recently measured
the effect on a physical basis by relying on the existing exthe appearance of electric polarization in ionic crystals, and
perimental evidence for the prefractu(and Cofractur)_e in various rocks as We”, under the application of uniaxial
emission of the electric signals from ionic solids upon changStresso and found that the variation of the ratkr/dt re-
ing the applied stress as well as by considering the attenudl€cts a variation ird P(t)/dt. (Our laboratory measurements
tion of the emitted signals when the solid is surrounded by &/€re carried out in room temperature only, and hence did not

weakly conducting mediuntas in the case of the eayth allow any determination of the actiyation enthalpy®)
Lazarus and co-workeéraneasured, in ionic crystals, at Such variations led to the observatiohof low-frequency

rather high temperatures, the variation of the ionic conduclransient electric signals before fractuwenile more intense

tivity and self-diffusion coefficients upon hydrostatic pres- srl]gnals havef been deFecTéda;.thhe tlrr}e of the frahc_ture, but
sure (P). For example, in NaCl they found that the volumet €y are 70 appreugby Igher requem.cyT IS was

m . . ' o . explained”’ on the basis of the charged dislocations model
v™ for the cation vacancy migratiofm) is 7=1 cn/mole

s which was suggestédor the explanation of the generation
(cf. the “molecular” volume which is around 27 é”'"”?'e)’ _ ofthe aforemgr?tioned Iow-freqLEJency electric sig%als that are
while the volumeuf_ for the Schottky defect formation is etectedt’®before earthquakes. As for the coseismic signals,
appreciably larger, i.e., 559 cnt/mole. Roughly speaking, e consider that when the emitting source is surrounded by a
v™ is around one-third to one-fourth of the “molecular” vol- weakly conducting medium, the high-frequency electric
ume Z) () denotes the mean atomic volumevhile ' is signals—such as the cofracture ones—exhibit stronger at-
almost twice 2). tenuation and hence cannot be detected at large distances

Recently® the experimental data on the kinetics of in- (the relevant calculation is given in the Appendix

denter penetration into the crystal surface with time, the con- The aforementioned indenter penetration experiménts
tact stress under the indenter, and the electric polarizatioghe temperature rang&=77-300 K3 and the method of
P(t) have been analyzed at a time resolution of 1 ms, it Wagnalysis can be shortly described as follows: The setup with
shown that the process of the indenter penetration compris%smoving rod mounted on two soft flat springs provides the
several stages, and the activation parameters at each st@@tionless translational motion. At the lower end of the rod
have been determinédThe low values of activatiorfac a standard indenter is mounted. The upper end of the in-
volumes vjy* and high contact stressdsp to a third of denter is loaded with various weights. In the initial state, the
Young's modulug indicated the prevalent mass transport inspecimen is brought into contact with the indenter and the
the first~10 ms of the indente(in) penetration when up to  switching-off of an electromagnet maintaining the rod al-
80% of the depression is formed; for example, R(¢) data  lowed for indenter penetration without any initial velocity.
of the first 10 ms of the penetration in NaCl lead toTo record an electric signal the specimen was placed be-
vi~1 cn/mole, thus indicatingthe decisive role of point tween two equivalent probes whose potential difference was
defects in mass transport. At later stages, in which the rate fupplied to the differential input of a wide-band amplifier
the decrease d?P(t) vs the time corresponds to appreciably (with high input resistangeand then onto the plotter or a
larger relaxation times, i.er=10—100 s or even larger, the storage oscillograph; this provided the record of the electric
activation volume become close to the valze$0b® (where  dipole moment acquired by the specimen synchronously with
b is the Burgers vectdr which are characteristic of the dis- the indenter penetratiox(t). For T=const, the study of the
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FIG. 1. Experimental point-defect parameters in NaCl. Triangle: microindentation process; stars: cation vacancy migration; square:
Schottky defect formation. The straight line corresponds to the prediction of thermodyn&uefcd)), i.e., v/h=b(dB/d P—l)/B(S,L.

plots dx(t)/dt versus the time¢ anddP(t)/dt versust, on a  stant, which is consistent with that expected from thermody-

semilogarithmic scale, showed that the loading process corfidmical considerations on point defectehen different mi-
sists not of two but of at least five stages; in the first stagegggt'%rgtprocessf’? take_;l)lacilnn'ghe same_h 30 st cryftal, namely,
(which lasts a few to several ms at room temperattine  Uin Nin :17X1O kbar”, »"/h"~15x10"" kbar", and

rate of loading and polarization increased with time, wherea

bencevif7hi~ o™ h™, if we consider thawjy" values have
in the four subsequent stages they both decreadée. first " uncertainty of ~40%, while the Yoon and Lazarus data

itived'® appreciably more accurate. It is also interesting to note

acceleration, and the second stage—which has a duratidht the enthalpy’ for the Schottky defect formation pro-

comparable to the first one—corresponds to the negative aC€SS iS around 2.5 eléee p. 288 of Re;f ]i]an(i henr;:‘ge, if we
celeration) The linear dependences of the penetrationconsider the aforementioned value of=55+9 cnr/mole

velocity dx(t)/dt and rate of polarizatiod P(t)/dt on time  found bngazafyls and co-workers, we obtgthf~(23
in the semilogarithmic coordinates at stages two to five indi-=4) % 10 . kbar = this value is comparable with the values
cated that the processes are of relaxation chardther Of ¥f/hiy' and v™/h™ obtained above, if we take into ac-
dx(t)/dt anddP(t)/dt dependences have the same numbefount the experimental errors and the fact that tfh'
of stages characterized by close valued. The analysis of value was estimated from.the high-temperature data of Laz-
the temperature and strength dependencedx¢f)/dt and  arus and co-workers, while the others correspond to data
dP(t)/dt yields the activation enthalplg® and the activa- from lower temperatures. .
tion volume v* for each stage. In the following, we focus ~ We now tum to investigate whethef/hi™ is intercon-
our attention on the second stage of the indenter penetratighected to the bulk properties. Varotsos and Alexopdtdlos
experiments, which seem to be governed by point-defect suggested thaffor various processes, e.g., formation or mi-
motion. As an example we consider NaCl. gration) v/h=b(dB/dP—1)/B§", whereb=exp [oBdT (8

We first inspect the difference between the volumes thats the volume thermal-expansion coefficier is the iso-
refer to defect motion, i.e.pf¥=1 cnf/mole and v™=7  thermal bulk modulus, anB3" denotes the intercept of the
+1 cnmf/mole; the difference is even larger if we consider linear part of the ploB versus temperature with the vertical
that the latter value comes from a least-squares fitting of thexis. By considering the valubsB3"~284.7 kbar,dB/dP
In o values above 1 kbar, while if the lower pressure con-=5.35, and exg3*8dT~1.03 we find v/h~16
ductivity values are used, we find a somewhat larg&r x10 2 kbar %. This value, which was derived solely from
value, i.e.,u™~9.5 cn¥/mole, as discussed in p. 293 of Ref. elastic and thermal data of the bulk material is in satisfactory
11. The enthalpyh™ for the cation vacancy motion ranges agreement with the/h values of the various processes men-
between 0.66 and 0.69 e¢ee Table 10.7 of Ref. Jdwhile  tioned above, i.e., 12h3% v h™~v//hi~b{dB/dP
the activation enthalpf2®for the microindentation process — 1}/BS". The extent of this agreement can be visualized in
is 0.06 eV. Thus, we see that" differs from v by one  Fig. 1.
order of magnitude, but the same occurs when compdrhg Another important point should be mentioned. The afore-
andh2® In other words, the ratie'/h' remains almost con- mentioned value v2“=1 cn¥/mole corresponds toT
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FIG. 2. Amplitude of the electric fielin a medium witho=10"3 S/m) versus the time, at a distanBe= 100 km (§=0) from a current
dipole sourcdl exp(~t/7)O(t), wherell =1 A m. The curves correspond to various values of the relaxation time lying betwe&mms,
and 1000 s.

=293 K, while at T=77 K an appreciably lower value Therefore, in order to justify thab~T, we must alterna-
v2¥~0.3 cni/mole was measuretiThis temperature depen- tively show that ¢s/9P)~const. The pressure dependence
dence ofv? is beyond the experimental error and was aIsoOfl 'ghe entropy can be better studied if we consider the sim-
measured for other ionic crystals as welthe fact that the ~ Plified expressiorisee p. 79 of Ref. 11
defect volume greatly increases with the temperaturea
way v~T) was found in Cd and Zn and used by Gilder and
Lazarus? in order to explain the upwards curvature of the
Arrhenius plots. This can be understood on the basis of ther-
modynamics, if we recaft that the defect volumev where the frequencies), andw,, refer to the activated state
=(dg/dP); consists of two termsy,=(dh/dP); and v,= and the normal state, respectively, and hence to different
—T(ds/dP)1, whereg, h, sdenote the defect Gibbs energy, volumesV+ v andV. Upon changing pressure the bulk vol-
enthalpy and entropy, respectively. As=v,+v,, the umeV and the defect volume also change, but their com-
thermal-expansion coefficieg, of the volumevis given by  pressibilities do not differ by a significant facttsee Chap.
B,=(UT)vs/(v,+ vs), while v is connected tg3, through ~ 14.2 of Ref. 1} and hence the ratioM+v)/V could be
the relation vs=TvB,. By combining these relations, the roughly considered as constant. As the frequencies do not
expansion coefficienBs= (1/vs) (dvs/JT)p is found to bé*  explicitly depend on temperaturgout mainly depend on
volume'**® we could argue that, upon changing the pres-
Bs=(TovlaT) X(Ta?vldT?+ dvl JT), for P=const. sure, the ratian)(V+ v)/ », remains almost unchanged and
hence we may conclude tha#q/ JP)~const.(It is under-
The last relation indicates tha, is almost equal to T/  stood that such an explanation fails if the driving mode for
when (To?vl9T?)p<(dvldT)p: the latter inequality seems the defect activation process depends on volume in a way
to hold in the available experiments up to date, and henc@rastically different than the bulk frequencies, see p. 369 of
Bs~1T(~p,), which implies thatv is almost proportional Ref. 11)
to T. The latter could be justified as follows: Recalling that ~ In summary, indenter penetration experiméritr mea-
s=—(dg/dT)p andv=(dg/IP) we can writé! surements upon changing the rate of the uniaxial StrBss
ionic crystals indicate that a time-dependent electric polar-
dg(P,T)=(g/dT)pd T+ (dg/dP)dP, ization arises(although the crystals are not piezoelegtric
which comprises several stages. The edslyort duration
or dg=—sdT+vdP, stages seem to be governed by point-defect processes, while
the later are probably associated with dislocation flow
which reveals mechanisms. In this paper, we found that, although the de-
fect volumes(and the corresponding enthalpietudied up
(dvldT)p=—(dsIIP). to date for various point-defect processes in NaCl, vary by

3N
s=—k> Infw. (V+v)/oV)],
a=1
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almost two orders of magnitude, they are interconnected in avhereg(r,r’;t—t’) is the tensor Green’s function. Assum-
way predicted by thermodynamics. An explanation of theing a current density of the fori(r,t) =11 83(r)f(t)e,, Eq.
experimental result that increases significantly with tem- (A1) leads, in the quasistatic approximation (tiee dipole is
perature was also attempted. Furthermore, we showed thassummed at the origin of a spherical system of coordipates
the cofracture electric signals are strongly attenuated when

the emitting solid is surrounded by a weakly conducting me-

dium and hence are not detected at large distances. E(r,t)=[u/(473)][11/(R75)][cod ¢)sin( 6)cog 6) | 7

+si i +(lep—si
APPENDIX: ATTENUATION OF ELECTRIC SIGNALS Sin(¢)sin(0)cos 6) 18, + (1512~ SiP( ) 719e],
IN A CONDUCTING MEDIUM (A2)

We first proceed to the investigation in the frequency do-
main and consider a weakly conducting medium, e.g., withwheree, e, ,e,, denote, respectively, the unit vectors along
conductivity c=10"3 S/m. For a frequencyf~1Hz, we thex,y,zaxis,u is the magnetic permeability of the medium,
find that the effective “wavelength’s isA~3 km and hence (R, 6, ¢) are the spherical coordinatesrofr,= uwoR?/4, and
the corresponding “skin depth’s (=\2m) is around 0.5 |,=[" [7o/(t—t')]" exd—7/(t—t")]f(t")dt’. The ampli-
km; if we consider a lower frequency, i.6.-=0.01 Hz, we tude of the electric field is found from E@GA2)
find N\=1000km and hences~160 km (if we take f
< 0.1 Hz we find 6>50 km). In other words, if measure-

ments are carried out at distancesRy® 100 km, the low- |E(r,t)|=[ w/(47°?)]

frequency electric signals exhibit significantly less attenua-

tion than the high-frequency ones. X[ (R IN[1 &zt SirP(0) 1 771 71— 21 ) 1.
We now turn to the time domain. We consider a signal (A3)

emitted from a source with a time dependence of the form

f(t)=exp(—t/7)O(t), where®(t) is the Heaviside unit-step

function, and we shall determine the amplitude of the signal Figure 2 depicts the amplitude of the electric figd ¢
recorded at long distances, e.85=100 km. For the sake of _q) for various values of the relaxation time An inspec-
simplicity, we assume a current dipole souftl(t) with @ jon of this figure shows that, for long relaxation times, i.e.,
(maximum dipole momentl =1 A m. The transient electric 71y (ro=3s if o=10"% S/m andR=100 km), the maxi-
field in a medium of conductivityr due to a current distri-  1,,m amplitude of the recorded signal approaches the value

butionj(r.t) is given by expected from the stat[é.e., if f(t) = 1] calculatiort* (but in
. the absence of the more conductive paths discussed in Ref.
E(r t)= Tt—t)j(r t))d3r dt’ 14); on the o_ther hand,-for s_hort relaxation times, ie.,
(Tt f f L Jixg(r ' N t)dr <79, the maximum amplitude is smaller by or¢®rof mag-
(A1) nitude.
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