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Die Abbiidung 3.10 zeigt exempiarisch ein Kernspin-Echo von
AL SatMy.

Lokalfelder ll~ der untersuchten Proben-Sorten

Tebelle 5.2

< "AL Spin_Echo in AL: 1601% Mg

Echo - Amplitude

Legiarung IL (mT]
Al (3N) 0.316
Al:8.6atX Li(215°C) 0.375
Al: 8.6 21X Li (245°C) 0.37%
Al:1.0aX Zn 0.350
Al:1.5atX In 0.378
Al:2.0atX Zn 0.418
Al: 1.6 atX Mg 0.702
Al:0.2atX Mg 0.33
AL:0.6atX Mg :1.0 atX Zn 0477
Al: 1 . 2atX Mg :2.5atX Zn 0.764

50 R I
Zeit {t) [us)

[]
[ —5

Abb. 810 : Kernspin-Echo von *"Al in Al: 1.6 atX Mg, Ta?7K,
Probe wurde bis zum Rif verformt, I=5/2
C—u/:' 0.247, C‘- Q" {th= 0.468 Qi2t) + 0.285 Qi4t)

Bel der Butlmnuy,der Lokaifelder wurde deren Spannungsab-
hingigkeit, bzw. Verformungsabhlingigkeit nicht berlicksichtigt.
Unmittelbar nech Beendigung der NMR-Verformungsexperimen-
te wurden jeweils Quadrupol-Echo-Signale aufgenommen und
sus deren Linienform die Lokalfelder bestimmt. Die in der nach-
folgenden Tabelle 5.2 sufgefilhrten Werte flr Bl stellen jewells
Mittelwerte lber mehrere Proben dar.
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14 Mechanical toste ﬁ.
in g TH the part of the assemhly Between the poke preces al the magiet i sholyn s
whematically [¥4]. The inner rod (hrasst can be displaved relative 1o the outer s
with a constant velocity The distance petween the rods was tixed by diaphrigins with
a large stillness perpendicular 1o the axis of the rods and a low siffness the dis-
placement direction The disphragms prevented the bars from buckling. this was
cflective up to a toad of 200 kgl and the manimum lowd in the cxperiments did not
exceed this vglue, The cross-head lemplates were manufactured [rom polyynyl
chioride. 50 as 1o avoid bringing metal into the coil durng a s The cross-head
\elocily could be varied from 10 t5 "o 10s ' No plastic deformation took place
i the machine itself. The direction of compressive deformation always lics per-
pendicular to the external field H,
The stress was measured by a strain-gauge loud cell and the elongation by an induc-
o] we displacement transducer  Measurements al temperalures lower than ruom
\emperature were cartied out by using a hollow polyvinyl chioride cylinder around the
Q’“‘\‘ coif as a cryostal and blowing N, vapour through it. Temperature stability of about
+1°C. which could be sensitively determined by the variation of the pressure. was

wad the probe head D is usually reached in about hall an hour.

P are the PVC

 on fod [145] The part of the rensile machine shown was placed the yap of 4 10in. Bruker
BE-25 magnet with 2 current stabitizer and an external Bruker NMR stabilizer
B-SN 15
An overview of the experimenial set-up is depicted schematically in fig. 22. Detailed
Davwiob information can be found in [217].
CI L x 5.1 Mepwrements of 7), 7, and T, duarimg phantic daformetion of lanic crystaks

The first investigation concesned Lhe existence of the eflect of & finite plastic deforma-
\ion rate on the zero-field spin relaxation tlime W, =01 Using the Jecner pulse
sequence [ 156]. signals for wo staies £#0 and =0 were compared for the three
single crystals with three different resonant nuclei: the results ure presented in fig. 23.

1
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Fig 23 Signal aher njr-T; - Lade -7 - Lt pulse sq a3 & (unction of time. (R signal height is

Data la® proportional 1o papi —1 T,q) (159] K a i=ith b f1ull s 0 Tom e Tio=Ws. T=

— 0 W5 0 rmdn Rom0 UNaCl 5 =0 b b dixI0f s Lo Ta=4 70 b Tuf2ts. 7=+ 200
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relative to H, No otientation dependence was observed within an ercor of aboul
10%,; this is in good agreement with the theoretical model used for the calculation

of goiL) as described earlier in sect. 4.
So far only the quatitative agreement between theory and experiment has been
discussed. in order to determine whether there la a quantitative agreement the values
(129), viz 8o {¥7}, {wh) and (w§) should be known.

of the different parameters
For the shape of the [ induction decay alter the locking pulse (see fig. 27} the

following expression | {[103], p. 10K:

Futvme_ o a DU+ e, 00" (1) i
where Fir is the normalized decay function, ¢ 3 and ¢, are the transition prob-
sbility coefficients and Dir) and (1) the dipolar and quadrupolar Fourler cosine

transforms, respectively, of the distribution functions.
With 1= for 2*NaCl one obiains ([103], pp. 621T):

=06,  {'(=0En n

¢_12=04,

-4

§52

Fig 2. T,,0 0f

Assuming C
D=0
and
) =1
where (A%)
and } (wf)'
Fait=
Fitting F
the quadru

process. Fr
with the vi

of sirain.
The ren

are shown
[eq. (T00]:

(i)
where A it
tion densi

|
i

R —
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ol 2 [84]).
thin an crror of about
i for the calculation

{ saperiment has been

e t the values
H; should be known.
§ pulee (sec fig. 27) the

(131

fe the transition prob-
rupolar Fourier cosing

(132

4
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Fig. A2 T, 0 of 1"Na versus uﬁvy‘ﬁﬁm of 1he lines with 1he abscissa are approximalcly a1 one
poim. given by - 26.G' [Kd. 145, 160]

Assuming Gaussisn distribution functions [ eqs 155 (561 and 159].

Diry=expl — L{AT)?), 1133
and

QU= expt — 1 (), 134

where (A%)'? and (a®)'7 are the dipolar und quadrupotar line widihs (}{esd)'
and 4 (wd)' 2, respectively). the resulting expression for F,i1) becomes:

FutymOd expi—L(A%)1%1+ 0.6 expl — AT erp( — 2{utyd). 1135

Filting F, to the measured free Induction decay. the dipolar energy term (i3} and
the quadrupolar energy term (wd) can be obtained a1 several stages of the deformation
process. From these analyses it was lound that {wd) = 32 x 10° s~ 2. in good agreement
with the vaiue 40 x 10* s~ as given by Hebel [164]. and 1o first order independent
of sirain.

The results of the values for {1w3) thus obtained as functions of the applied siress
are shown in fig. 33. Using a statistical distribution of dislocations one may write
[eq. 1701): P

(wé)-dp-y’:‘yfp. (136)
where A is a constap((=0.13 em? s~ for **NaCl) and p stands for the fotal disloca-
tion density. Because of Lhe linear relationship between {w})'? and the applied
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stress o depicied in fig. 33 it confirms the well-known proportionality between the
shear siress and p* ¥ in siage | and siage 1 which was found by Matucha et al. [52]
and Hesse and Hobbs [ V4] The manimum value of H} in these experiments was
1.3G2. which satisfies the condition that H} is not much larger than Hi =06 G

Further evaluating eq. {129} quantitatively. a preliminary estimale of the average
distance bstween obsiacles enco ed by a “jumping” dislocation can be made.
Taking the curves for 1*NaClin fig. 3 it Is observed that

Rb= CIHE

Numerical evaluation of the experimental results yields the value 161 for CiH)) at
H=1G. Quaniative agreement between eg. (129} and the experimental result
[q. 1137)] Is obiained. using eq. {1361, only il

FETH 2
Ho oy LR (“;")—*—(‘”"’ éb.

(IR

(138)

where {wf) + (wd) =12 Hi. Inscrting the values of CLH ). {(wi) =32 x 10*s *, (wd)=
16 10°s 2 (g, 33), 2= 50x10°G 25 2 A=0.13cmis 2, ¢=03 und bei) 196

nm, it follows that:
#q s ’l\/
=631 x i .
L = x m

From the calculated values of go/Nb (sect. 4) it is concluded that only dislocalion

jumps across large distances satisfy this equality. Taking gq approximately equal 10 1,
L is equal to about 4000 Burgers vectors (= 1.6 x 10°* m). This value found for L
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obstacles are referred 10 as “strong” obstackes. In alkali halide crystals of monoyvalent
ions. divalent imparities are effective obsiacles. To preserve charge neutrality in the
lattice, cach impurity ion, e g a Ca® " ionin NaC\. is associated with o cation vacancy.
Thesc dipoles interact with dislocations and therefore also influence the mechanical
properlics. At lemperatures below 150 C the obstacles are fixed and can be orercome
only by thermal activation. whereas al higher lemperatures the defects become
mobile and are able 10 follow the moving dislocations. which gises rise 1o u drag
lorce. Apart from single dipoles. aggregates of dipoles are also present in the crystal.
Their number and distribution depend strongly on the thermal treatment previous
10 the deformation and on the temperature of deformation itsell [ 169].

Considering the fact that the hean free path L in eq. (129} is determined by the mean
distanice dy between forest dislocations and by d,,. the mean distance between point
delects. eq. 11291 is refined by insertion ol

[ . N
L_d++(f‘.' 11424
Relaxation measuremenis have been performed on Na() (001 single crystals
doped with dilferent amounts of (’aCl, ranging from 7 (o 140 mol ppm in the temper-
ature range from 10 270 C. The spin lattice relaxation rate in the rotaling frame is
measured by means of the spin-locking technigue. In fig. 36 the value of Rf=
T, E#0) is depicted as a function of the strain raie £ in the direction of the com-
pression axis for single crystals doped with different amounts of impurites, Raising
the concentration of impurities will diminish the mean distance d,, and therefore the
relaxation rate will increase. The mean free path L can be delermined with the aid of
eq. (1290, yielding for pure crystals a value for o, of about 1.0 )mn. Evaluation of the
data using #q. (142) gives vatues for J, which are plotted in fig. 37. These results do not
correspond with the values obtained from calculalions of 1he mean distance between
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Fig. Y Biskocation-induced part of the relaxation rate Rj, as a funciion of the steain e ¢ in PNa(l

single crysiais doped with different smounis of impurities [ 170]
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with & slope of 0.31 eV. These values are close 1o the dissocution energy of dimers (a
configuration of two dipoles). Crawford [ 177] presented a corpus of ideas regarding
the processes underlying the aggregation of divalent cation impurity dipoles. It was
shown that the third-order kinetics experimenially observed by Dryden [178] which
poverns 1he aggregation can be accounted for on the basis of a Iwo-step process.
namely * {a) two dipoles come LogeLher Lo form a loosely coupled pair which in turn (b
captures & third dipole Lo form a trimer. This prouess can yield a reaction rate pro-
portional lo the third powsr of the dipole concentiration only il the dimers are in
quasi-equilibrium with (he free dipoles. & condition which implies that the energy
binding the pair Is rather small x0.2 V. Nevarthelsss, the activation energy for the
segrogation reaction in NaCl:Ca’* is rather smull (0.04 eV) which is probably oo
wmall to be significant. Dublel o1 al. [ 179] concluded from T, spin - lattice relaxation
lime measurements in NaC):Cu’* that aggregation processes lake place in the range
up 10 200°C. For Righer temperatures no change in (he dipole concentration could be
mensured. For doping up 1o 300 ppm mainly Jimers and trimers were formed.
Analysing iheir axperimental curves they conciuded that ihe enthalpy for the dipole
motion was aboul 0.6 ¢V and the dimer association enthalpy about equal to 0.3 ¢V,
which ix in aecordance with the results presanted in fig 39

Meaasurements of T, on deforming crystals as a function of temperature yiclded
the data depicted in fig. 40. They ware obiained a1 a strain rate é =0.4 s ' with defor-
mationa of = 3%, and 7°, for the undoped crysials and about 5°, for the doped crys-
tals. 1 can be vewn that the room-temperature value of the mean free path for moving
dislocations hardly changes in the region up to 150°C. The very few impurilies are
Rred cbetacies with respect to the mobile dislocations and the interactions of the
moving dislocations with forest dislocations dominate the magnitude of L. Therefore
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In Aig. 39 spin - lattice relaxation rates T,," are depicted as functions of icmperature.
These siatic measurements were periormed on ultrs-pure single crystals limpurity
conceniration < 10 ppm}and on crystals conlaining 72 and 690 moi ppm Ca’* ions.
Up to tcmperatures of about 150 C the lattice part of 1/T,, in the undoped crystals
increases with T, whercas above this 1emperature an exponential incresse occurs
with an activation energy of 0.89 ¢V. The same energy is found from the siope of the
high-temperature part of T,,' in doped crystals. ka this region the cation vacancy
diffusion is the dominant process and the migralion energy corresponds to the above-
mentioned value {174] The effective aclivation rnergy of the cation vacancy has been
determined by Dreyfus and Nowick J174} based on the ionic conductivity of doped
NaCl crysials, and was found :?/fbom 0.8 ¢V. However, & certain discrepancy in
this value exists among variousuthors, ranging from 0.72eV [175]100.85 eV [176].

In the temperature range between 50°C and 180 C the static relaxation rate 7'
depends on the th | treatment of the doped crystals. The as-grown crystals show

an exponential increase with a slope of 0.36 ¢V, while the crystals after an anneal al
650°C and cooling (o room temperature at 50 C/min have higher rates increasing
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