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ABSTRACT

The second moment of the A1l NMR signal was measured at room
temperature in pure A1 and Al - 3d-transition metal alloys. The second
moment of pure Al is a sensitive function of metallurgical effects such
as cold rolling and quenching, while its concentration dependence as a
function of impurity atomic number shows a double-peaked behaviour.
Comparison of the line broadening with the amplitude reduction of the
resonance signal suggests that no drastic preasymptotic effects occur in
these alloys.

PE3IOME

I3mepeHna BTOporo MomeHTa curHana AMP Ha ggpax Al 7L||/|CToro anomm-
HUA W a/lOMUHUEBOM MaTpuubl, cogepxawein npumecn 3d-318MEHTOB NepPexofHol rpyn-
Nbl MOKasann, 4TO 3HayYeHWe BTOPOro MOMEeHTa CWIbHO 3aBUCUT OT cnocoba Xonog-
HOM 06pabOTKM U BLICTPOrO OXJaXA4eHUA o06pa3uoB. KoHUeHTpaunmoHHasi 3aBUCMMOCTb
BTOPOro MOMEHTa MWMeeT [ABa MaKCuMyMa B (yHKUMM aTOMHOro Homepa npuvecu. Cpas-
HMBasA YylWWpPEeHWe CUIHa/I0B MpW YBENUYEHUN KOHLUEHTpauuid CcO cnajoMm KX amnanTypg,
YCTaHOBWUIN, YTO He 6b/I0 3aMeTHO 3HauuTesbHbiX MNpPeacuMnToTUHEeCHUX 3PPeHTOB.

KIVONAT

Tiszta Al-ban es Al-3d~atmeneti fémotvozetekben mértik a ZZoY
NMR jelének masodik momentumat szobahémérsékleten. A tiszta Al masodik
momentuma érzékenyen reagal a metallurgiai megmunkalas - hideghengerlés,
gyorstrites - kozben fellép6 hatadsokra. A masodik momentum koncentracio-
fliggése kettds cslucsot mutat a szennyezd elem atomszamanak flggvényében.
A vonalszélesedésnek a rezonanciajel amplitiudé-csokkenésével vald Oss.Z.e-
hasonlitasa arra utal, hogy ezekben az oOtvozetekben nem volt megfigyelhet§

jelentds preaszimptotikus effektus.



INTRODUCTION

The virtual bound states of transition metal impurities in
non-magnetic metal hosts give rise to two well-observable effects in the
host matrix due the redistribution of the conduction electrons: namely,
spin and charge density perturbations around the impurities. The charge
density perturbation is normally attributed to the asymptotic form
/Friedel, 1956/

Op(r) = acos (2kpr + fj/r3 /Y

where the amplitude a and the phase Yy of oscillation are dependent on
the parameters of the virtual bound state and can be expressed by thé
phase shifts of the scattered conduction electrons.

This classical formula for the charge density oscillation around
a scattering centre within an electron gas was derived by neglecting the
energy dependence of the phase shifts 60> describing the scattering.
In the case of d-transition metal impurities, however, the existence of
the virtual bound state near to the Fermi level will result in a strongly
energy-dependent d-type scattering, and hence in serious deviations from
Friedel"s simple formula at small distances r . According to the theory
of the preasymptotic behaviour of the charge density oscillation around
resonant scatterers recently worked out by Mezei and Gruner /1972/ the
range of validity of the Friedel asymptotic formula is determined by the
coherence length £n . If r < £1 , then [06(r) will change much
slower than is given by the r 3 law, and as r X0 it will approach

rather a r?2

In the case of a Lorentzian-shaped resonance the coherence length
may be expressed as

where VF is the Fermi velocity of the conduction electrons and T 1is

the half width of the scattering amplitude.



The electric Tield gradient, which interacts with the quadrupole
moment of the host nuclei has the form:

Ad(r) = -3 - VA(r) 131

where p is the antishielding factor /Kohn, Vosko 1960/. This interaction
perturbs the Zeeman energy levels of the nuclei and causes a shift in the
resonance frequency of the nuclei belonging to the coordination shell with
field gradient Aq(r) . This so called quadrupole effect gives rise to readily
observable effects on the NMR signal of the host nuclei.

Three types of NMR measurements can be utilized in investigations
of the charge density oscillation around impurities. First there is the
measurement of amplitude reduction as a function of the impurity concentra-
tion. On statistical considerations the drop in NMR signal amplitude can be
given as

D = Dod - c)n /4/

where D and Dg are the signal intensities of the alloy and pure metal and
c is the impurity concentration. Parameter n is the wipe-out number given by

|
n =

- =

ntw @ ) /5/
i

where is the number of nuclei iIn the i-th coordination shell and
w(r ) 1is the contribution to n of a matrix nucleus seen by the field

gradient qr /Tompa et al., 1969/. At low impurity concentration the so

called first order quadrupole effect dominates, and eq/l/ refers only to the
satellite contributions of the resonance signal, the central component can
be taken as unaffected. We notice here, that the charge density oscillation
at a distance of about 20 8 from the impurities, as sensed by the first-
order quadrupole effect, which produces wipe-out numbers of 500-2000, can

be well accounted for by Friedel®s asymptotic expression /1/, though some
preasymptotic effects are indicated for Mn and Cr impurities /CGriuner, 1972/.

The second type of NMR measurements is line-shape analysis. With
the increase of impurity concentration, formerly unobservable distributions
caused by the atoms in the coordination shells near to the impurity become
observable around the tails of the NMR signals. These distributions change
the line shape and lead to a rise in the second moment. It is well known
that the relation between the second and fourth moments characterises the



line shape, so that as alloying leads to a Lorentzian-like line shape it
must also raise As both the amplitude reduction and line broaden-
ing reflect the average strength of the perturbation, they are nearly
independent of the phase $ and are related only to the amplitude a

The third way in which NMR measurement can be used is to observe
the satellite structure. The spectra due to nuclei belonging to a single
shell have a characteristic structure, which under optimal circumstances
may be detected as the satellite lines of continuous wave NMR signals
/Alloul et al., 1971; Janossy and Griner, 1971/. By comparing the measured
with the computed satellite structure, the field gradient at a certain co-
ordination shell around the impurities can be obtained, and this field
gradient will reflect both the amplitude a and phase of the charge
perturbation. The satellites may be measured by the pure quadrupole reso-
nance /PQR/ technique as well /Minier, 1970/.

By measuring the excess second moment, one may gain some informa-
tion on the tails of the NMR spectrum, and hence on the perturbation at the
place of coordination shells near to the impurity. In contrast to the ampli-
tude reduction, which is mainly sensitive to perturbations corresponding to
half line width magnitude at the peak-to-peak distance of about 4G, the second
moment reflects the perturbation excluding about 20 G, which gives a char-
acteristic distance for this effect of about 10 8, at which distance the
quadrupole shifts given by eq./I/ are about 20 G.

The temperature dependence of the charge density perturbation
around impurities has been investigated recently by measuring the temper-
ature dependence of the signal amplitude in AI-3d- transition metal alloys
/CGriner and Hargitai, 1971; Gruner, 1972/. While the dependence of a
showed a single-peaked distribution, with a maximum between Mn and Cr
at T = 0 K°, this behaviour became double-peaked at higher temperatures,
due to the strong temperature dependence of the charge perturbation around
Mn and Cr. This double-peaked behaviour - which reflects the resistivity
in noble metal hosts-- suggests the development of a double-peaked virtual
bound state in aluminium-based alloys. As preasymptotic effects can modify
the details of the relation between the signal amplitude and the parameters
of the charge perturbation, the measurement of the signal-broadening and
its comparison with the amplitude reduction should furnish information about
the role of the preasymptotic behaviour of the charge perturbation. This
present paper is a report on room-temperature investigations of the line-
-broadening in Al - 3d-transition metal alloys and its relation to the
amplitude reduction measured by one of us /Gruner, 1972/.



EXPERIMENTAL TECHNIQUE

Al-V, Al-Cr, Al-Ti and Al-Mn ingots were prepared from 5-97s

Al and 4-9%s alloying elements. The measured electrical resistivity showed
a homogeneous impurity distribution after annealing at 600 C° and 630 C°,
with the possible exception of the AI-Ti /950 ppm/ specimen owing to the
presence of some precipitation. The ingots were subsequently cold-rolled
i-fio foils of about 15-20 p thickness and the foils cut into pieces meas-
uring 8x19 mm. The foils were quenched by dropping into water. After the
quenching process the foils were assembled into a sample interleaved with
insulating paper.

The NMR spectrometer was a field-modulated wide-line spectrometer
with a Robinson-type oscillator. Derivatives of the absorption lines were
recorded at a fixed frequency /Tompa, 1963/ using a Tfield modulation at
280 Hz. The amplitude of field modulation was 2 Oe. The second and fourth
moments of signals were computed in the usual way, taking into account the
field modulation correction. The average of second moments was taken of
three different positions /0°, 45°, 90°/ with respect to the external mag-
netic Tield. This process was carried out to eliminate the slow orienta-
tion dependence of signals due to foil-rolling textures /Gruner et al., 1971/.
The methods of preparation and NMR measurements of reported experiments
are described in this same earlier paper /CGruner et al., 1971/.

RESULTS AND DISCUSSION

The experimental Ffindings for pure aluminium and the alloys will
be discussed separately.

1./ Pure aluminium samples

It was established that in pure aluminium, in the absence of im-
purities, the dislocations and vacancies are dissipated at room temperature.
However, 1identical measurements made by several authors show an intensity
reduction and line broadening of NMR signals /increasing second or fourth
moment/ that depend on the cold-working and annealing processes /Fernelius,
1966; Gruner and Tompa, 1971; Rowland, 1971/.

The reported data and our own results are collected in Table 1.
All the measurements listed here were performed a few days after cold-
working, annealing and self-recovery, in a state of equilibrium dislocation
density. A study of the field dependence of resonance line parameters showed
no significant change, so the first-order quadrupole effect was measured.



Since they showed orientation dependence, the spectra were arranged using
the theoretical orientation dependence of M2.

The values listed in the table are much larger than the theoret-
ical Van Vleck second moment /7.6 G~/. This seems to be due to incomplete-
ness of the self-recovery process in pure Al. Self-annealing can be inter-
fered with by the following effects:

a«</ A marked change was observed in the second moments of aluminium
samples of different purity /cf. data for specimens N°1 and N°2, or
N°8 and Nll/. A small impurity difference makes a considerable change,
therefore the impurities must play an important role in determining
the lattice distortion. Part of the line broadening may be explained
by charge density oscillation caused by the low impurity content of
pure aluminium, the other part might be caused by lattice distortions
fixed by impurities /cf. second moment difference between slowly cooled
specimens N1 0 and N°3/. The apparent disturbing effect of impurities
on self-annealing depends on the sort of the impurity content as well
/Frois, 1962/ .

b./ The effect of quenching from different temperature leads to dis-
crepancies iIn the second moment of specimens of the same purity /cf.
specimens Nl 1l and N°12/, and there is a considerable difference in
second moments between the quenched and slowly cooled specimens N°8
and N°10. The dislocation density after quenching may be high as a
result of quenching stress, which depends on the cooling rate and the
temperature of quenching /Czizek, 1968/. A part of this dislocation
structure can be stabilized by the impurities, as was noted above.

c./ There still remains a considerable difference in the second
moments of specimens with the same purity and subjected to the same
heat treatment which cannot be explained just on the assumption of the
existence of some form effect /cf. specimens N°1 and N°5 and specimens
N°1 and N°7, N 9/. The form of the specimen may cause two effects.

The First is a surface effect, which may be considerable in the case
of fine powder specimens; the quadrupole effect associated with surface
fields has been investigated by Hughes and Benson /1967/. Secondly, the
surfaces are able to contribute to the process of fixing the lattice
distortions; this might explain the second moment difference between
specimens N°6 and N°7. Rowland /1971/ measured the amplitude and second
moment of filed pure aluminium powder. From the /D/Do/AM2 ratio we
can obtain a special line shape due to lattice distortions /Fig. 2/.



2. Concentration dependence of AMM

Fig. 1 demonstrates a well-observable increase of the second
moment resulting from the introduction of various impurities. /Al-Zn was
measured by Fernelius /1966/, Al-Ta by Tompa /1969/./ Similarly to the
amplitude reduction, the increase of the second moment is due to the
first-order perturbation? second-order effects can be neglected. Since
OM2  is not a well-defined parameter in alloys, one cannot relate directly
the excess second moment to the parameters of the charge perturbation;
however, the same signal-to-noise ratio for the specimens allows comparison
between the [AM2 produced by different impurities. Comparison of the con-
centration dependence of the signal amplitude and the excess second moment
is of particular importance, because it should indicate the variation in
behaviour of the charge perturbation around different impurities, as ex-
plained ’in the iIntroduction. Large preasymptotic effects, while giving
the same amplitude reduction as in the other cases, influence [M2 1in a
different way. The plot, in Fig. 2 of the signal amplitude versus the
excess second moment for various alloys, including both normal metal and
transition impurities, clearly shows that the dependence of D/Dg on [OM2
is the same, within experimental accuracy, for all impurities. Thus we
conclude that the behaviour of the charge perturbation is similar in all
cases, and no drastic preasymptotic effects occur.

In the low-concentration alloys no change was observed in the
M4/M% ratio and we therefore computed a relation between the amplitude
and the second moment by assuming no line shape change. Supposing a
Gaussian line-shape, it is easy to find:

finz - M 161

where [OM2 is the excess second moment, MO is the second moment of the
pure metal, and D/DQ is the normalized amplitude of the derivative
signals. At higher concentrations a marked rise may be observed in the con-
centration dependence of the excess second moment /see Fig. 1/ and the
M4/M2  ratio /though the error of this value is rather high/. The relation
between the second moment and the amplitude measured by us also differs
from the computed one. It should be noted that these high concentrations
were only relatively high; all of the measured alloys lay within the range
of compatibility for the first-order effect. The computed relation between
the amplitude and the excess second moment is plotted in Fig. 2. As the
experimental points are somewhat above those given by eq./6/, this indicates
a line shape change on alloying. The points above the theoretical line must



have a rather Lorentzian line shape, which gives a larger second moment
the same amplitude /for a Lorentzian signal [M2 1is, in fact, infinite/.

In the light of Fig. 2 it may be deduced that the line broaden-
ing exhibits the same main features as the line-amplitude reduction ex-
pressed by the first-order wipe-out number n”™.

In the case of Mn and Cr impurities the first-order wipe-out
numbers display a double-peaked structure at room temperature /Gruner et
al., 1971/ due to the temperature dependence of the charge density oscil-
lation amplitude. While An2 1is not a linear function over the whole
temperature range, linearity holds rather well for the lower concentrations
/up to a An2 of about 3 G /. Fig. 3 is a plot of values of AM2(c)/dc
versus the impurity atomic number. Though the evaluation of the concentra-
tion dependence of An2¢&) in this way is somewhat arbitrary, the plot
shows the same double-peaked distribution, with a minimum at Mn, as with
the first-order wipe-out numbers. The validity of the picture given by
Fig. 3 is supported by the fact that the M2 values for Mn lie below
these obtained for Fe and Cr impurities in the whole concentration range.
This serves as additional confirmatory evidence of the existence of a tem-
perature-dependent charge perturbation around Mn impurities in aluminium.

CONCLUSION

We have measured the second moments of the 27AI

NMR line in pure
Al after various heat treatments and in several Al-3d alloys. The depend-
ence of AM2 on the purity of the aluminium as well as on the heat treat-
ment points to an effect of lattice distortions. The concentration depend-
ence of the excess second moment is analogue to that of the signal ampli-
tude and indicates a similar charge perturbation around the different im-
purities. The absence of large preasymptotic effects rules out the pos-
sibility of a single Kondo-type narrow resonance in the case of Mn and
probably also Cr impurities, and is in clear disagreement with the effec-
tive widths derived from the low-temperature macroscopic properties /Caplin
and Rizutto, 1968/. This contradiction, which is verified by the measure-
ments reported here, has prompted an attempt to describe in a semi-phenom-
enological manner the resonance formation in dilute alloys /Griner and
Zawadowski, 1972/. As with the first-order wipe-out numbers, the depen-
dence of AM2/dc on the impurity atomic numbers shows a double-peaked
distribution, which we interpret as arising from the temperature dependence
of the charge density oscillation amplitude around the Mn and Cr impurities

in Al /Griner, 1972/.



Since the second moment is not a well-defined parameter in these
alloys, such analysis allows only qualitative comparison between the ef-
fects of different impurities, and even then only in cases when the res-
onance lines are measured under similar experimental conditions. It fol-
lows that the measurement of the temperature dependence of AIY* cannot
be regarded as a meaningful procedure, as the signal-to-noise ratio is a
sensitive function of the temperature; instead a detailed line shape an-
alysis is necessary.

Investigations are in progress into the temperature-dependence
effects of the charge perturbation by a line shape analysis technique sim-
ilar to that used in the case of spin perturbation around impurities by
NMR method or in evaluating Mdssbauer spectra.
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Spedjmen

lo.
11.

12.

Table l«: NMR Second Moments ifi Pure Aluminium Samples

Material source *2 [02] Annealing parameters Reference
Temperature Duration Method of
« (hours) cooling
6-978 powder 9.7 200 2 Al-Zn, Pernelius(@966)
400 mesh
5-9*s powder 10.3 200 2 It n '
400 mesh
5-97e foil 8.2 350 2 slowly cooled Al-Ta, Tompa (1969)
15-20 U
thick ness
5-9»s powder 17.0 - - filed only Rowland, (1971)
325 mesh
5-9’s powder 12.0 250 15 u n
325 mesh
6-9*s powder 19.1 - - filed only i n
325 mesh
6-9°s powder 12.5 250 15 A "
325 mesh
6-9%a foil 8.4 600 guenched Al-Pe, Griner ,(1971)
15-20 ,u
thick/
6-97s foil 8.3 24 - cold rolled " ff ti
15-20”u thick. only
6-9’s foil 7.8 420 a week slowly cooled n n ff
15-20yu thick.
5-97a foil 8.9 600 quenched Al-Mn, Al-Cr, Al-Ti,
15-20%u thick. Al-7, present work

5-97a foil lo.o 630 quenched ff
15-207u thick.
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Concentration Iin atomic 7o

Fig, 1/a Excess second moment AM2 vs. impurity concentration in Al.
AM2 is the difference between the second moments of alloy
and pure aluminium samples annealed in the same manner
A AICu, o Al-Zn, = Al-Ti, 0 Al-Mn
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Fig. 1/b Excess second moment vs. impurity concentration in Al.
o Al-Fe, o Al-Cr, e Al-V



F1?« 2 Peak-to-peak amplitude vs. escess second moment for Al-3d alloys. ---- ‘theoretical line,
x only cold-rolled Al-Fe alloy /Criner, 1971/, < only cold-worked pure Al metal
/Rowland, 1971/, o Al-Cr, 1 Al-Mn, < AI-Ti, m Al-V, 0 Al-Fe
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Fig. 3 First-order wipe-out numbers and AM,/dc for 3d-transition
metals in Al
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