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ABSTRACT

The electric and magnetic perturbations around Mn, Cr and Fe
impurities in aluminium were investigated by measuring the 27AI NMR
spectra of these alloys. The first order quadrupole wipe-out numbers
measured at low impurity concentrations, and the magnetic %ield de-
pendence of the signal amplitude in more concentrated alloys are discus-
sed in the framework of the Friedel-Anderson picture.

KIVONAT

A Mn, Cr és Fe szennyezések korili perturbaciét vizsgaltuk alu-
miniumban a 27AI MNR mérésével. A kis koncentracidéju mintakban mért el-
s6rendld kvadrupol effektust, és a jelamplitudd magneses tér figgését a
nagy koncentracidoju mintakban értelmeztik a Friédel-Anderson kép alap-

jan.

PE3HME

buin mu3mepeH cnektp AMP  27a1ans UCCNELOBaHUA 3NEKTPOHHLIX W Mar-
HATHbIX BO3MYWEHWIA B OKPECTHOCTU MpuMecer mn , cr U Fe aniMUHWEBLIX CMIaBoB.
Ha ocHoBe Teopun Opuaens-AHLepcoHa paccMaTpUBaANTCA YUCNO YHWUTOXEHWUSA KBaj-
PynoNnbHOro ajpekta nepBOro nopsgka, W3MEPEHHOE NPW HWU3KOW KOHUEHTpauuu npu-
Mecel, a Takxe 3aBMCUMOCTb MarHWTHOrO nons OT amnauTyfsl CUrHana B cnnasax C

boNnee BLICOKOW KOHLUEHTpayuen.



1. INTRODUCTION

The electronic structure of transition metal impurities in alu-
minium has been the subject of considerable theoretical and experimental
work in recent years. The temperature dependence of the impurity resistiv-
ity [IJ and the superconducting transition temperature, susceptibility and
specific heat [2] can be interpreted well in the framework of the Anderson
model, providing the transition metal impurities in aluminium are nearly
magnetic and that the localised spin fluctuations are important [3] [4]-

The aim of our NMR measurements was the investigation of the local
spin and charge perturbation around transition impurities by measuring the
27AI resonance in dilute Al-Fe, AlI-Mn and Al-Cr alloys. As it was shown,
metallurgical problems /e.g. low solubility in aluminium/ have an impor-
tant effect [5], and the NMR investigations on Al-Fe and Al-Mn alloys [6]
cannot be regarded as confirmatory evidence of the simple Anderson picture.
On the other hand, our measurements can be regarded as adding to the re-
sults of NARATH [7] and LAUNOIS [8] , who measured the impurity Knight shift
and relaxation time, and the perturbation on the nearest-neighbour matrix
atoms.

2. EXPERIMENTAL DETAILS AND RESULTS

Zone-refined aluminium of nominal 99,999 % purity /Fe-Si-Cu con-
tent lower than 10 ppm/ was used for preparation of the alloys; transition
element impurities were estimated to be less, than 1 ppm. Specimens of de-
sired composition were prepared by dilution of master alloys and analysed
by spectrographic analysis /Al-Fe alloys/ or by potentiometric titration
/A1-Mn and Al-Cr alloys/. The samples were cold rolled to about 20 y thick-
ness to avoid skin effects, annealed for one hour at 600°C /low concent-
ration alloys/ or at 630°C /higher concentration alloys/, and afterwards
quenched in cold water. /Several other annealing temperatures were used
for the Al-Mn alloys to investigate the effect of the annealing temper-
ature./ Electrical resistivity was measured at 4.2°K, 77°K and room tem-
perature. The change of the resistivity was proportional to the concentra-
tion, and the impurity resistivity measured at different temperatures is
shown in Fig. 1, which includes our measurements on Al-Cu alloys too.



The NMR experiments were performed at room temperature in the
H = 4-10 kG range, with a modulation amplitude H = 2G. Samples of nearly
identical volume were taken and the 63Cu signal from a copper foil was used
as the marker. The signal-to-noise ratio was about 100. Asymmetry due to
the skin effect was only slight so that it probably does not modify the
results.

The concentration dependence of the amplitude /i.e. the peak-to-
-peak amplitude of the derivative signals/ measured on the alloys of low
concentrations is shown in Fig. 2. Since the NMR data at low concentrations
showed an anisotropy of a few percent, the values given are averages of
spectra measured in different directions. It is worth mentioning that
quenching from temperatures other than 600°C results in a slight change
of the signal amplitude but leaves the slope of the concentration depen-
dence unchanged. The amplitudes at low impurity concentrations were indepen-
dent of the external magnetic fieldx-

The amplitudes measured on high concentration alloys at various
external magnetic fields at room temperature are shown in Fig. 3. The line
widths measured at different heights of the resonance signal showed a lin-
ear iIncrease with increasing magnetic field.

3. DISCUSSION

The results obtained with the low and high concentration alloys
will be discussed separately.

a/ Low concentration alloys

The dominant effect at low impurity concentrations is the reduction
of the signal amplitude as a result of the first order quadrupole effect.
According to the ™"all-or-nothing™ model [9]

D/DO = /1-c/T 111

where D and DQ are the satellite contributions to the signal amplitude of
the alloy and of pure Al, respectively, and c is the impurity concentration.
The "wipe-out number"™ characterizes the range of the perturbation, and is
connected with the number of matrix atoms around an impurity, which exper-
iences a field gradient greater than a critical Value Q.

The results of £6] are in agreement with ours, taking into account that the
wipe-out number is determined by the slope of the concentration dependence
and that the effective impurity concentration is greatly reduced in Al-Fe
due co precipitation processes [2][5] -



The electric field gradient q at solvent atom sites results from
the redistribution of the conduction electron charge around the impurities
[6]- At large distances from the impurities

cos(2kFr +4 )
q(r)= 3- B« ——————- 3———— 121

where the factor R depends on the properties of the matrix and for Al has
a value of 23 [loj, and where the oscillation amplitude a and the phase
factor “f are determined by the phase shifts of the scattered conduction
electrons at the Fermi surface. In the case of nonmagnetic transition metal
impurities the 1-2 phase shift dominates, all the other phase shifts
being small. In the FRIEDEL-ANDERSON picture = NH » where N 1is the
number of electrons in the unfilled d shell of the impurity, and

a = 5sin © and ~ = XU M e Going through the 3d-series one expects a
maximum of the oscillation amplitude between Cr and Mn, with a smaller value
in the case of Fe.

It can be shown that in a refined version of the ™"all-or-nothing”
model the wipe-out number does not depend much on the phase factor *f and
that the oscillation amplitude is proportional to the wipe-out number [I1].
Fig. 4 contains the measured first order wipe-out numbers /determined from
a logarithmic plot of the amplitudes normalized to the satellite contribu-
tion/ and the wipe-out numbers computed from the residual resistivity. The
value of 1700 for Al-Fe corresponds to the effective iImpurity concentration
determined by resistivity measurements; the value 1500 to the concentration
determined by analysis [5]- The wipe-out numbers of AI-Cu measured by us,
and that of Al-Zn [12] are also included. There is a good agreement between
the measured and calculated values for Al-Fe, but there is a clear disagree-
ment in the case of Al-Cr and Al-Mn. Though some metallurgical effects such
as impurity-dislocation interaction or the effect of vacancies frozen in by
quenching cannot be excluded, the disagreement finds its natural explana-
tion in the temperature dependence of the density of the resonant d states
[4) causing a change of the oscillation amplitude iIn the case of nearly mag-
netic impurities. A report on the temperature dependence of the oscillation
amplitude and its relation to the LSF effects [4] will be published later \I\.

b/ High concentration alloys

In the high concentration alloys the satellite contribution are
nearly wiped out, and therefore the parameters of the spectra are determin-
ed by the second order quadrupole effect /proportional to H 7/ and by mag-
netic perturbation /proportional to H/. The nearly linear decrease of the
amplitude rnd the broadening of the spectrum show that the magnetic perturba-



tion, which is proportional to the impurity concentration and which is
about 1,5 times as great in Al-Mn as in AI-Cr, dominates in this magnetic
field range.

To a First order approximation there are two contributions pro-
portional to the external magnetic field. Because of the enhancement of
the impurity st%tes the phase shifts of the spin up and spin down electrons
differ, n2 1 n2* This difference of the perturbation in the two bands
leads to a spin density disturbance around the impurity and a Knight-shift
change [JL3j of

AK _ 10 1t /o/
K 4172 ZI\é A cos(2kF 'Sl er /3/

where 1t 1is the volume of the unit cell, NQ the density of s states at
the Fermi level for one spin direction, 5 the enhancement factor, A the
width of the resonant state, and K the Knight shift. On the other hand,
the charge distribution around the impurity yields the distribution of the
Knight shift on the neighbouring atoms [14]:

N =$simi2 sin(2kpr + ") x (2kpr)-2 . /4/

The first effect is proportional to the susceptibility localised on the
impurity site, the second resembles the parameter simi2 appearing in the
impurity resistivity and the first order wipe-out number. /The different
radial dependences of the two perturbations should be noted: at short
distances from the impurity the Ffirst is greater and at longer ones the
second.”/

The results in Fig.2 clearly show that the first effect dominates:
the field dependence is roughly proportional to the susceptibility, which
is about 1,5 times as great in Al-Mn as in AlI-Cr, rather than to the residual
resistivity or first order wipe-out number. To compare the results with the
parameters determining the above two expressions some corrections have to be
made. The amplitude extrapolated to H = 0 clearly shows that some residual
satellite transitions adding a field-independent contribution to the reso-
nance signal are present. Also a correction due to the field dependence of
the second order quadrupole effect was estimated from the field dependence
measured on high concentration Al-Zn alloys [16] . In the 5-10 kOe range this
yields a positive contribution of about +6% to the normalized amplitude
change. Taking into account these corrections d“1,. dD/dH = -4,1.10-2 kG-1
is obtained for the highest concentration AlI-Mn alloy.



The resonance line shapes at different magnetic field were comput-
ed as iIn [15], assuming the contributions /3/ and /4/. Using the parameters

n/f = 12 eV-1 determined from the susceptibility measurements TI] and
n, = /2, we get d“*, dD/dH = 4,0.icf2 kG_1 for the AI-0,57% Mn alloy

which agrees well with the measured value. Equally good agreement can be
obtained with the susceptibility results in AI-Cr alloys.

Finally, we mention that the zero value of the first moment /average
line shift/ indicates the absence of a negative definite, long-range spin
polarization around Mn and Cr impurities in aluminium, and shows that the
susceptibility is localised at the impurity site, iIn agreement with the
observation of NARATH and WEAVER [7]-
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FIGURE CAPTIONS

Impurity resistivity of Al-Fe, AI-Mn, AIl-Cr and Al-Cu
alloys at different temperatures.

Concentration dependence of the peak-to-peak amplitude
of the 27AI absorption derivative in Al-Fe, AlI-Mn and

Al-Cr alloys.

Field dependence of the 27AI absorption derivative in
concentrated AI-Cr and AI-Mn alloys.

Measured and calculated wipe-out numbers in Al-based
alloys.
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