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3d-transition metal impurities - originally believed to be non-
magnetic in aluminium —are good examples of localized epin fluctuations
/LSF/. Our aim in this paper is to show that*

1, / the low-temperature macroscopic properties /resistivity, suscep-
tibility, specific heat, dHvA effect/ can be described quantitatively
by the renormalized random-phase approximation of the LSF, and that

2. [ at higher temperatures the situation occurring in Al - 3d-transition
metal alloys bears a close similarity to the situation occurring in noble
metal hosts where the impurities are magnetic» This suggests that Mn in
aluminium appears to become magnetic at high temperatures.

To begin with we shall summarize the different types of experi-
ments /both macroscopic and microscopic/ that have been performed on Al -
3d-transition metal alloys. After this short review, the low-temperature
de Haas van Alphen /dHVA/ experiments and the NVR measurements of the
charge perturbation around the impurities are discussed.

Residual resistance measurements at low temperatures /BOATO 1966,
AOKI 1967/ display a one-peaked” distribution of AR/c as one goes
through the 3d-serieet with the peak between Mn and Cr. In terms of the
Friedel-Anderson model this indicates that the impurities are non-
magnetic in aluminium, i.e. the virtual bound state is spin-degenerate.
In the Friedel-Anderson partial wave analysis neglecting nonresonant phase
shifte, the residual resistivity can be written as

AR/p 'vsin2n2 n2 m -Jgq- 4/

where N, is the number of d-electrons in the unfilled d-level of the
impurity. Going through the Jd-series sinn2 rises and then falls,
according to the filling of the d-level” /This behaviour should be con-
trasted to the situation occurring in noble metal hosts, where a "double-
peaked” curve in AR/C indicates a spin splitting of the ubs./

The low-temperature susceptibility /AOK1 1968/ shows a large
enhancement in the case of Mn and a somewhat smaller enhancement in the
case of Cr, indicating that at least these impurities are near to the



magnetic-nonmagnetic limit. There is a large enhancement

of the electronic specific heat in the case of Mhand Cr /AOK1 1969/
and an anomaly in the superconducting transition temperature /BOATO
1963, AOKI 1968/.

A temperature-dependent impurity resistivity between
1 and 4°K of the form

AR(T) = AR(0) |I -(T/0)2J , 121

with 0 a 530°K for Mn and 1200°K for Cr impurities has been ob-
served by CAPLIN and RIZUTTO /1968/. This behaviour, together with
the susceptibility enhancement, has led to the LSF concept, worked
out theoretically by RIVIER, ZUCKERMAKN and SUNJUC /1969/ in analogy
to the spin fluctuations occuring in the nearly magnetic metals Pd
and Pt /LEDERER, MILLS 1967/. It has since been shown that both the
specific heat enhancement /HARGITAI, CORRADI 1969, CAROLI et al.
1969/ as well as the superconducting transition temperature
[ZUCKERMANN 1970/ and the temperature dependence of the impurity
susceptibility /HEDGCOCK, LE 1970/ can be analysed within the LSF
picture.

Among the "microscopic” methods only nuclear magnetic re-
sonance /NMR/ has been used to investigate the Al - 3<i-transition
metal alloys. By this means the Knight shift, a parameter related to
the susceptibility,has been measured.The advantage of the NVR method
lies in the fact that one can measure the local distribution of the
electronic polarization. In principle, one can perform three types
of measurements:

1. by measuring the impurity Knight shift the susceptibility local-
ized on the impurity site can be obtained

2. by measuring distinct satellites near to the central resonance
of the matrix nuclei the perturbation at a certain distance from
the impurities can be investigated

3. by analyzing the central resonance of the matrix nuclei one can
obtain the average polarization outside the impurity cell.

The first type of measurement has been performed by NARATH
and WEAVER /1969/ on AIMn, AICr and ALV alloys, and by LAUNOIS and
ALLOUL /1969/ on AlMn« These measurements show that the susceptibil-
ity is localized on the impurity site and is enhanced in a similar
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way as the total susceptibility. ALLOUL et al. /1971/ have measured
the temperature dependence of the Knight shift at the first neigh-
bours of the Mh impurities, and they have observed a temperature
dependence of the form OK* (1) = OK* (0) tl —const.T], which is
clearly in disagreement with the temperature dependence of the
macroscopic susceptibility measured by HEDGCOCK and LI /1970x/. The
central 27?Al resonance has been investigated by LAUNOIS /1969/ and
GRUNER et al, /1971/. The magnetic field dependence could be well
described by assuming the existence of exchange enhancement on the
impurity site. Moreover, the negative definite spin polarization
around the Mh impurity /as implied by the Kondo scattering/ was not
observed. The various experimental facts are summarized in Table 1.

In summary, the experimental results of both macroscopic
and microscopic experiments have led to the qualitative picture
that the impurities are "nonmagnetic' at low temperature in alu-
minium, and there is a large exchange enhancement in the case of
Mn and a somewhat lesser enhancement in the case of Cr impurities.

In order to investigate the magnetic behaviour of manga-
nese in aluminium /which shows the most pronounced anomalies/ it
is necessary to estimate the parameters which describe the magnetic
state. These parameters are as follows:

A - half width of the vbs

U —effective Coulomb exchange between pairs of electrons
with opposite spins on the impurity site
u/nA - defines the magnetic state within the HP lim it, with

< 1 nonmagnetic lim it

UNrA' 1 local spin fluctuations
> 1 magnetic lim it
ed —position of the d-state measured relative to the Fermi
energy
Nd <o) —density of states /spin at the Fermi level, where

“<(e)”

x/
It should be mentioned that there is a large di
magnetic contribution due to the impurities in Al-based alloys, which
has to be taken into account, and on the other hand the E, value" OK.
should not be directly proportional to the susceptibility, 1

a-
I



T, = #— —the lifetime of the LSF which can be expressed in terms of
g S . .
and A within the renormalized random-phase approxima-
tion /PATON, ZUCKERMAN 1971/ as

z1 - mass renormalization of the LSF , which has a value of 1
when the impurity is nonmagnetic and increases as UufirA
increases (see Fig. 1). This parameter can be given within
the framework of the REPA theory /HARGITAI, CORRALI 1969/.

The dHvA effect has been used to estimate these parameters
in dilute single crystal alloys of AIMn, /PATON 1971/* The advantage
of this type of experiment is that in one experiment one can deter-
mine four variables which are sensitive to the impurity scattering.
These axe:

1./ clHA frequency /samples the normal Coulomb scattering/
2./ scattering term /samples the normal and resonance scattering/
3./ effective mass /samples the many-body effects; electron-phonon

interaction and LSF/
4. | conduction electron g-factor /samples the many-body effects/

The values for the parameters described above, as obtained
from the dHvA experiments, are shown in Table 2 together with the
values determined from other types of experiments. The internal
consistency of these parameters suggests that the low-temperature
properties of AIMn alloys can be described qualitatively by a
renormalized RPA, even though this alloy system is rather close to
the magnetic-nonmagnetic limit /l.e.U /itA v 0*9/

The measurement of the macroscopic parameters is restricted
to the low-temperature regime, because at higher temperatures the
change of the matrix parameters and the phonon term hamper the de-
termination of the temperature dependence in a broad range* In order
to get some insight into the high—temperature behaviour, we have
measured the temperature dependence of the charge perturbation a-
round the impurities in aluminium. Far from the impurity this per-
turbation has the form /FRIEDEL 1958/

COS(2kgr + )

Apto t(r) = oty /51

U



where the oscillation amplitude a and phase factor " are deter-
mined by the phase shifts of the scattered electrons. If the reso-
nant phase shift n2 dominates* we get

a =5 sinn2 f= n2 16/

It should be emphasized that < samples the same matrix element
as the impurity resistivity. By measuring the oscillation amplitude
one gets essentially the same information as from the impurity
measurements /i.e. one expects the same distribution going through
the Jd-series as in the case of residual resistivity/.

The charge perturbation around the impurities yields a
field gradient distribution /KOWI, VOSKO 1960/ of the form

Aq(r) = p<&tot 7 1?1

where the antishielding factor p resembles the matrix properties
and for A1l u * 22 /FUKAI 1970/.

If g =0Q, the nuclear Zeeman levels are displaced by an
equal amount ffom each other and one resonance broadened by the
interaction between the nuclei is obtained. In the case of a field
gradient gQ, the interaction between this field gradient and the
nuclear quadrupole moment yields a perturbation which in first
order shifts the satellite transitions by Vg . The latter is pro-
portional to qQ and depends on the orientation between the main
component of the field gradient tensor and the external magnetic
field, while the central /1/2 —1/2/ transition remains unchanged.
Hence we get the characteristic pattern of Fig, 2b. In polycrys-
talline samples tpe average over B has to be taken and we get the
pattern of Fig. 2c. There are two observable effects for one fixed
gQ values the reduction on the main line intensity, and satellites
beside the central resonance displaced by = const. g0 and 2v~
/DRAIN 1968} JANOSSY and GRUNER 1971/. With a distribution of g
values according to eq. 7 the patterns of Fig. 2c must be summed
up for the different q values in order to obtain the whole spec-
trum. We ge’ts

1./ Intensity reduction of the main line, which on statistical
considerations can be given as

D=D0 (1 - c)n /181

/ROWMLAND 1965/, where D and DO are the signal intensities of the
alloy and pure metal, hnd c is the concentration. The first-order
wipe-out number, n, is proportional to a , and does not depend



on f /TOMPA et al* 1969/. By measuring the wipe-out number we
can measure the oscillation amplitude*

2./ Under optimal circumstances we can observe weak satellites
corresponding to certain neighbour shells around the impurities
where the field gradient depends on a and . From the intensity
of these satellites we can determine the neighbour configuration.

As there is no perturbation in pure metals, no correction
is necessary, and we can perform the measurements in a broad
temperature range. A further advantage of the latter type of meas-
urements is that they are free from impurity-impurity interactions.

The room-temperature signal intensity measurements and
wipe-out numbers are shown in Fig. 3 for normal metal /Si, Zn, Cwu/
and transition metal impurities /Ye, Mn, Cr/. The inset shows the
wipe-out numbers obtained by measurement and by a calculation that
assumes that n2 dominates. As can be seen from Fig. 3» there is
a discrepancy between the measured and calculated n values in the
case of Mn and Cr impurities. The temperature dependence has been
determined by measuring the signal intensities at different tempera-
tures. No temperature dependence was found in the case of Si and Cr
impurities, and for Mn and Cr impurities we get a T2 law up to
rather high temperatures /see Fig. A/* The characteristic ©values
are somewhat larger than those obtained from the resistivity measure-
ments. This difference will be explained later.

A satellite structure /second type of measurements/ has been
observed in AICr alloys, as shown in Fig. 3» which has a characteris-
tic first-order quadrupole pattern /Fig. 2c/. The q value can be
determined from the shifting of the satellites JJANOSSY, GRUNER 1971/
but what is more important in the present analysis is that it has a
T-dependence

a(T) = q(o) [ _ (T/0)2 j, 0 = 86D + 30°K 191

as can be seen from Fig. 6. Comparison with the value determined by
the oscillation amplitude measurements indicates that the phase of
the charge oscillation does not change very much in this temperature
range.

It can be shown /GRUNER, HARGITAI 1971/ that effects like
the reduction of the mean free path are not important here, and
that the temperature dependence of n and g are connected with the
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LSF effects. We are now going to analyse the connection between the
impurity resistivity and the charge perturbation. As regards the
temperature dependence, the main difference between the two para-
meters lies in the fact that the resistivity is a real "Fermi
surface effect”. From the relaxation time

x“1(e) = |vka|2 nd(e) 110/

we get the conductivity

0 |T(£) U de = 7(0) + T'2K26T2 izé(e) 111/

There are two contributions to the temperature dependence, one coming
from the energy dependence of the density of d-states, which is en-
hanced by the LSF effects, and one coming from the temperature depend-
ence of n~(0). The temperature dependence in principle could be
explained by the second term in eq. 12 only, without involving a tem-
perature dependence in the density of states /CAPLIN, RIZUTTO 1968/.

The oscillation amplitude, on the other hand, can be written
in the case of impurities with ubs at the Fermi level as

Aptot(r> kgr..l nd (°) sin2kFr 1121

which is not a Fermi surface effect like the resistivity /because
we have to sum up from the bottom of the band to get the total
charge perturbation/ and the temperature dependence of the oscilla-
tion amplitude means a temperature-dependent density of states, too.
In the framework of the LSF theory we get /GRUNER, HARGITAI 1971/

a(T) a(o) M2K2T2 113/

and only the key parameter of the LSF, namely rs , comes into

the temperature dependence. With © = 750°K we obtain rs = 0.15 eV
for AIMn. which agrees rather well with the value determined from
the low-temperature macroscopic parameters /see Table 2/. Fig. 7
shows the oscillation amplitudes extrapolated to T = 0 and meas-



ured at "high" temperature /T = 450°K/. At low temperatures the
resistivity curve measured 1n Al - 2d-transition metal alloys is
a single-peaked distribution, while at high temperatures this
curve is "double-peaked”, This resembles the situation occuring in
noble metal hosts and indicates a magnetic-like behaviour in the
HF limit,. This indichtes that both Al- and noble-metal—

based alloy systems behave similarly, the difference showing up
only in the temperature scale. On the basis of the dHvVA and MIR
observations it appears that these alloy systems are nonmagnetic
at T =0 but appear to become magnetic at high temperatures.
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FIGURE CAPTIONS

Mass renormalization parameter z* vs wfr[
Eirst-order quadrupole pattern for 2”Al nuclei.
First-order wipe-out numbers at T = 300 °K
Temperature dependence of n in AIMn and AICr
First-order quadrupole structure in AICr

Temperature dependence of g in AICr

First-order wipe-out numbers at T @m0 and T = 450 °K

TABLE CAPTIONS

Experiments on Al- 3d-transition metal alloys

The experimentally determined parameters for the
system

AlMn



2a.

Macroscopic

Impurity resistivity AW/c

-/c
\ 0% *0*12

\ NT
\ V1

. VcrunP»Cs € Cu*«

. T-dependent resistivity CAPLIN 1968

AR(M) - AR(0) U - (T/©)2]
Susceptibility AOW/ 1969
X enhancement in. the case of Mn, Cr

T-dependent susceptibility» HEDGOOCZ 1970
*(T)«x(o) [I - (T/0)7

Specific heat AOKI 1969/ Y enhancement
in the case of Mn, Cr

Superconducting transition temperature
Tc anomaly in the case of Mn, Cr

Table 1.

Microscopic

Impurity Knight shift KARATH /1969/
local susceptibility enhancement
/Mn, Cr/

Knight shift at first neighbours
ALLOCL et al /1971/ ~(T) = K,(0)x
[1 - const.T]

Spin perturbation in the matrix
LAOTTOIS /1969/

GRUNER /1971/

= FT -



Parameter

ed (eV)
A(eV)
uhrg
Z1
rs(eV)

Nd (o) (eV-1)

x for details see B.E.

dHvVA

0,24
0,90

1,85
0,16

6,1

12

Table 2.

Other properties2®

0,35Y 0,13(0)
0,96Y 0,93Tc

1,95Y 1,90 Tc

0,16 P(T)
48 Y 5,6Tc

°Tc

°*29x(t) 0,55 p(0)

PATON, M.J. ZUCKEHMANIT J.Phys.F. 1, 125 /1971/
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