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‡ Laboratoire de Physique des Liquides et des Interfaces, Université de Metz, 1 Boulevard
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Abstract. The changes in the electrical resistivity, the thermoelectric power and the magnetic
susceptibility of liquid Al due to the addition of small amounts of Ti, V, Cr, Mn, Fe, Co and
Ni (1 at.%) are discussed. The variation of the residual resistivity across the series exhibits a
characteristic two-peak shape in contrast to the single peak of the solid state. The analysis of the
position and the width of the virtual bound d states and the pronounced increase of the magnetic
susceptibility point to a magnetically split band structure in the middle of the series. Impurities
of Cr and Mn are indicated to be magnetic. V and Fe are presumably on the borderline, whereas
Ti, Co and Ni are definitely nonmagnetic if dissolved in liquid Al.

1. Introduction

For several decades, the influence of impurities on the transport properties of simple host
metals has been the subject of intensive theoretical and experimental investigation. It is
well established that, due to their particular electronic structure, transition metal impurities
give rise to the most dramatic changes. In the recent past, some efforts have been made
to elaborate the impact of 3d-metal impurities on the electronic properties of liquid host
metals [1–4].

Preceding studies were aimed at the experimental investigation of the electrical
resistivity, the thermoelectric power and the magnetic susceptibility of dilute liquid Al–
3d alloys. The results indicated that the changes were large for impurities of Cr, Mn and
Fe, less pronounced for additions of V and Co and small for Ti and Ni [5–7]. Despite
the obvious analogy, there is experimental evidence that their influences might strongly
depend on temperature or on whether the host is liquid or solid. In fact, the variation
of the resistivity through the series was found to differ in a marked manner from that
in solid alloys hinting at differences in the electronic structure of the impurity bands.
According to the Friedel–Anderson model [8, 9] the differences might be due to different
positions of the virtual bound d states with respect to the energy, different band widths,
and—if indicated—different degrees of band splitting. Basically, it was shown how the
experimental findings can be assigned to one single set of model parameters. However,
it also became apparent that the limited experimental precision—in particular that of the
thermoelectric power—might introduce severe errors. The marked contributions of Cr and
Mn to the magnetic susceptibility [5, 10] were assigned to localized impurity moments
although the usual temperature dependence left some questions open. It is uncertain whether
the extremely large width of the impurity band in AlCr (≈10 eV at 1273 K), or the marked
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variation of the electronic band structure in AlMn with the temperature (on account of
the unusual temperature dependence of the magnetic susceptibility), have real physical
background. All in all, the results failed to give an unambiguous overall picture of the
entire series. In this paper, a general overview will be presented based on the most reliable
quantities. Instead of stressing the details of the individual systems, we will attempt to
analyse the basic trends within the series and to gain a better understanding by comparing
them with those of the solid state.

2. Experimental details and method

High purity metals were used to prepare alloys with the nominal composition of 1 at.%
of Ti, V, Cr, Mn, Fe, Co and Ni. All measurements (electrical resistivity, thermoelectric
power, magnetic susceptibility) were performed in suitable alumina crucibles, either under a
vacuum or argon atmosphere. The data presented in this paper refer to residual (differential)
quantities, i.e. the increments due to the impurities. The experimental accuracies were
estimated as 0.5% for the residual resistivity, 0.5µV K−1 for the residual thermopower,
and at least 5% for the impurity susceptibility. More experimental details and results are
reported elsewhere [5–7, 11]. The general reference temperature throughout the paper is
1000 K.

The method of evaluation will be based on the concept of virtual bound d states [8, 9].
In the non-magnetic limit, resonance scattering theory in a first approximation gives the
residual resistivity1ρ as

1ρ = 10hc

Ze2kf

02

(Ed − Ef )2+ 02
. (1)

Z is the valency of the host,c the impurity concentration,0 the half width of the impurity
bands andEd − Ef denotes their position relative to the Fermi energyEf . The residual
thermoelectric power1S, in turn, can be deduced from the relation

1S
ρAl +1ρ
1ρ

= π2k2
BT

3e

[
2(Ed − Ef )

(Ed − Ef )2+ 02
− 1

2Ef

]
− SAl (2)

whereρAl stands for the resistivity of pure Al, andSAl for the thermoelectric power. The
number of d electrons per impurity atom is related to the d-wave phase shift (Zd = 10η/π )
and can be expressed by

Zd = 10

π
tan−1

(
0

Ed − Ef

)
. (3)

The spin susceptibility per mole of impurity atoms, usually related to the electronic density
of states, is obtained in the following form which includes the enhancementε due to
exchange interactions:

χ = NAµ2
B

10

π

0

(Ed − Ef )2+ 02
ε. (4)

The formulae adopted in this paper are not represented in the conventional manner, but they
emphasize the direct relationship to the crucial model parameters. The complete formalism
including the modifications on account of the magnetic limit (i.e. for the case of a two band
structure) is outlined elsewhere [5].
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3. Results and discussion

The experimental data and the most relevant model parameters are listed in table 1. The
variations of the residual resistivity and the residual thermoelectric power across the 3d
series are shown in figures 1 and 2, together with the available literature data on solid
alloys [12, 13]. The resistivities of the liquid alloys are by a factor of two to three smaller
than those of the solid alloys and seem to follow a more complex trend. The changes
in thermoelectric power are also less pronounced in the liquid state, but the characteristic
shape is the same.

Table 1. Experimental data and model parameters of dilute liquid Al–3d alloys at 1000 K:
residual resistivity1ρ, residual thermoelectric power1S, impurity susceptibilityχ , number of
d electronsZd , positionEd − Ef and half width0 of the virtual bound d states.

1ρ 1S χ χa Ef − Ed 0

(µ� cm) (µV K−1) (10−6 cm3 mol−1) Zd (eV) (eV)

Ti 1.84 1.40 — 0 2.04 2.11 1.20
V 2.11 1.14 — 225 2.21 2.10 1.76
Cr 3.95 −0.33 — 590 6.60 −3.74 6.79
Mn 3.23 −0.93 737 1085 7.09 −2.10 2.73
Fe 4.65 −2.63 107 345 6.01 −0.28 0.85
Co 2.57 −1.75 −10 50 7.50 −1.28 1.28
Ni 1.14 −0.78 −35 6 8.44 −2.08 1.11

a Values at 1363 K taken from [10].

Figure 1. Residual resistivity of dilute Al–3d alloys:×, liquid alloys (1000 K, this work);
�, +, solid alloys (at 4.2 K and 500 K [12]).
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Figure 2. Residual thermoelectric power of dilute Al–3d alloys:×, liquid alloys (1000 K, this
work); ♦, solid alloys (at 293 K [13]).

The magnetic susceptibility was found to vary in a likewise characteristic manner.
Figure 3 shows the variation of the deduced impurity susceptibility compared with preceding
results on the same series of liquid alloys. Despite the systematic divergence in absolute
value our own results confirm the pronounced variation reported by Flynnet al [10]. The
differences are primarily due (i) to different reference temperatures and (ii) to the final
uncertainty in the susceptibility increments due to experimental errors. The extrapolation
of our values from 1000 K to 1363 K gives (1020± 150) × 10−6 cm3 mol−1 for Mn and
(190± 120) × 10−6 cm3 mol−1 for Fe, in acceptable agreement with the values of Flynn
et al [10]. The contributions of Co and Ni, according to our findings, are negligible within
the experimental error of about±100× 10−6 cm3 mol−1.

The observed increase in resistivity and the changes in the thermoelectric power are, in
general, assigned to resonance scattering by the transition metal impurities. The influence on
the magnetic susceptibility, on the other hand, is usually assigned to the density of d states
at the impurity. (1), (2) and (4) imply that the marked changes in resistivity, thermoelectric
power and magnetic susceptibility from one impurity to the other are basically due to the
variations of the quantitiesEd − Ef and0.

According to the early suggestions of Friedel [14] and the experimental evidence from
photoemission spectroscopy [15] the positions of the virtual bound states in solid Al are
expected to vary from some eV aboveEf at the beginning of the series, to some eV below
Ef at the end of the series. The analytical expressions given in (1) to (4) suggest an
exceptional behaviour around Mn, where the bands are presumably located nearEf (i.e.
whereEd −Ef ≈ 0). The obvious consequences in terms of such a simple picture are that
in the middle of the series (i) the residual resistivity passes through a peaked maximum,
(ii) the residual thermopower changes sign and (iii) the magnetic susceptibility adopts a
maximum value due to a maximum in the density of d states.

The experimental results, as a matter of fact, hint at a more complex situation. In the
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Figure 3. Magnetic susceptibility of 3d impurities in liquid Al at 1000 K (◦, this work) and
1363 K (×, [10]).

solid state and at low temperatures, the residual resistivity shows indeed such a simple
one-peak structure, but as the temperature increases the residual resistivity of Mn becomes
gradually smaller than those of Cr and Fe [12], and finally in the liquid state, the typical
double-peak structure prevails (figure 1). The residual thermoelectric power, both in the
solid and the liquid, passes through zero between V and Cr, and not at Mn (figure 2). The
increase in the magnetic susceptibility, furthermore, is orders of magnitude too large to be
assignable to an increased density of states (figure 3).

The quantitative treatment given in previous papers was aimed at the evaluation of the
basic model parameters, i.e. the positions and the half widths of the impurity bands [5–7].
Figure 4 gives a summarized representation of the values obtained in the non-magnetic
limit of the model by using the formalism outlined in (1)–(4). Except for Cr and Mn our
semi-empirical results correlate well with the calculations reported for solid alloys. Both the
functional density method of Nieminen and Puska [16] and the first principles calculation
of Singh [17] yielded a smooth variation ofEd −Ef , roughly between 1.8 eV in AlTi and
−1.8 eV in AlNi. In the same sense, the half widths are expected to decrease gradually
from 2.2 eV to 0.5 eV. It is obvious that for Cr and Mn neither the position of the d bands
(3.7 eV belowEf in AlCr, and 2.1 eV belowEf in AlMn), nor the half widths (6.8 eV in
AlCr, and 2.7 eV in AlMn) are compatible with this picture.

It is worthwhile to note that the number of d electronsZd obtained for Ti, V, Fe, Co
and Ni are very close to the atomic dn configuration of the elements, while those of Cr and
Mn are much higher than expected. This coincides with the observation that the impurity
susceptibility passes through a peaked maximum around Mn (figure 3). Figure 4 shows
the extremely pronounced variation of the enhancement factorε which represents the ratio
of the experimental impurity susceptibility (taken from [10] so as to have the series at the
same reference temperature) to that implied by the model in terms of (4).

All in all, it seems that the non-magnetic description is not representative for the entire
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Figure 4. Electronic structure of 3d impurities in liquid Al: (a) the position of the virtual bound
d statesEd −Ef , (b) their half width0, (c) the number of d electrons in the virtual bound states
Zd and (d) the enhancement factor of the magnetic susceptibilityε.

series and we may safely assume that at least the exceptional behaviour of Cr and Mn is due
to their magnetic character. The extreme enhancement apparent in the middle of the series
clearly points to a magnetically split band structure which is responsible for the divergent
results obtained from the non-magnetic treatment of Cr and Mn. Additional support is
provided by the theoretical calculations for solid alloys which emphasize the exceptional
behaviour of Cr and Mn in solid Al. Morinagaet al [18] reported a local moment of
2.8 µB for Cr, and 2.4µB for Mn, in accordance with the suggestions of Nieminen and
Puska [16]. Hence, the resulting magnetic behaviour is expected to be rather that of a
classical paramagnet subjected to the interplay between magnetic field and temperature. A
first rough estimation tentatively based on Curie’s spin-only formula

χ = 4S(S + 1)
NAµ

2
B

3kBT
(5)

with S ≈ 1.4 for Cr, andS ≈ 1.2 for Mn yields magnetic susceptibilities (≈ 1200×
10−6 cm3 mol−1 for Cr at 1363 K, and≈1300×10−6 cm3 mol−1 for Mn at 1000 K) which
are markedly higher than the experimental values (table 1) but of about the correct order of
magnitude.

The more elaborate treatment of the experimental results in the magnetic limit of the
model (split band structure) was the subject of preceding articles [5–7]. It was shown that all
electronic transport properties—including the magnetic susceptibility—could be reproduced
with one single set of model parameters. The assumed half widths of 1.9 eV in AlCr
and 1.3 eV in AlMn correspond to the trend observed in the series (cf figure 1), and the
splitting of the impurity bands (≈5 eV for Cr at 1273 K, and≈2 eV for Mn at 1000 K)
yield magnetic moments (1.72µB for Cr, and 1.63µB for Mn) in agreement with the
experimental susceptibilities if Curie’s law is assumed to hold.
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As to the temperature dependence of the magnetic susceptibility [5–7, 10], it has to be
emphasized that the magnetic behaviour is not really understood. Both in AlCr and AlMn
(and to some extent also in AlFe) the susceptibilities increase markedly with the temperature
in contrast to Curie’s law as long as the magnetic moments are assumed to be constant.
The treatment in terms of the applied model indicates that the splittings of the sub-bands
and thus the resulting magnetic moments increase with the temperature thus giving rise to
the observed temperature dependence [5].

In view of the experimental uncertainty (in particular that of the residual thermopower)
the question is how far the deduced quantities have real physical significance. However,
there are strong indications that impurities of Cr and Mn in liquid Al are magnetic, while
those of Ti, Co and Ni are obviously non-magnetic; V and Fe are presumably on the
borderline between magnetic and non-magnetic. It is difficult to obtain further evidence
from the experimental side since the investigation of residual quantities in dilute liquid
metals affords extremely high experimental precision. The theoretical work, on the other
hand, was up to now primarily concerned with solid alloys at low temperature. Therefore,
a theoretical study focused on the liquid state might help to better understand the electronic
structure of transition metal impurities in liquid Al.
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