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Abstract. The influence of small additions of iron on the electrical resistivity of liquid gold
has been investigated for an iron content xp, < 0.24. The drastic increase in the resistivity
due to small amounts of iron as well as the negative temperature coefficient apparent in the
more concentrated alloys are not understandable on the basis of the Faber-Ziman formalism.
The localization of large magnetic moments on the impurity atoms is assumed to be responsible
for this exceptional behaviour, A tentative description is presented in terms of spin-disorder
scattering including some particular aspects of the Kondo effect.

1. Introduction

It is generally accepted that the transport properties of liquid metals and alloys are, at least
qualitatively, well explained by the Faber—Ziman theory, either in the original version [1]
or the t-matrix formutation put forward by Evans et af [2]. Thus, many of the characteristic
features of noble-metal-based systems, e.g. resistivity maxima at certain compositions or
negative temperature coefficients in alloys with polyvalent metals, are attributed to the
systematic variation in the Fermi vector kg with respect to the position of the first maxima
in the partial structure factors.

Even alloys with transition metals have been successfully treated by this formalism.
On the assumption that the transition metals are monovalent, the electronic behaviour of
liquid noble-metal—transition-metal alloys can be classified to be that of the Au—-Ag group,
l.e. because of an almost constant kr the resistivities are expected to vary smoothly with
the composition and the temperature coefiicients are predicted to be positive throughout the
phase diagram [3]. The distinctly different behaviour of the liquid Cu~Mn alloys—at high
manganese concentrations (xpm, 2 0.2) the resistivity definitely decreases with increasing
temperature—has been considered to be an exception. Magaetically, on the other hand,
the manganese atoms are distinguished by very high, well localized magnetic moments
associated with a spin number S of about % [4]. It is obvipus that the ‘exceptional’
behaviour of liquid Cu~-Mn has to be assigned to the interactions between the localized
spin and conduction electrons (s—d interactions).

Apparently, the vsual classification scheme does not apply to those noble-metal-
transition-metal systems where such strong localized magnetic moments are formed. Within
this context, lquid Au-Fe should be another candidate for such ‘exceptional’ behaviour,
since with % < § < % its magnetic behaviour is comparable with that of Cu~-Mn. In fact,
the electrical resistivity was reported to increase dramatically on the addition of iron, and
some alloys even exhibited an almost temperature-independent resistivity [3].
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In continuation of our previous study on the magnetic properties of liquid Au-Fe alloys
[5], and in order to substantiate cur arguments concerning the classification of this particular
class of systems, we decided to reinvestigate carefully the electrical resistivity of the system
with special emphasis on the sign of the presumably small temperature coefficient.

2. Experimental details

The electrical resistivities have been determined by a capillary method. All measurements
were performed in suitably designed quartz cells under argon at a pressure of up to about
2 bar. The current supply and the recording of the voltage drop across the capillary
were provided by four tungsten electrodes; the temperatures were contrelled by a set of
chromel-alumel thermocouples attached directly to the capillary. The calibration of the
cells was performed at room temperature using high-purity mercury as the reference liquid
(o =95.783 uQ em; dp/dT = 0.89 nQ cm KY).

Two series of measurements have been performed, using two different cells and always
starting with pure liquid gold. The composition of the alloys was continually changed
by dropping one of the pure components (gold slugs of purity 99.999% from Johnson
Matthey; iron wire of purity 99.98% from Johnson Matthey) into the cell. In order to have
better control of unwanted chemical side reactions {oxidation of the alloy, reaction with the
electrodes, etc) the concentration of Fe was changed in a non-systematic manner; in the first
cell the Fe content was progressively increased from xp, = (.03 to 0.12 in steps of 0.03
while, in the other, xg, was varied in the sequence 0.12, 0,18, (.24, 0.21, 0.18 and 0.15.
Within our experimental accuracy of about 1%, the two sets of data yielded very consistent
results.

3. Results and discussion

Because of the high melting point of Au on the one side, and the limited high-temperature
stability of quartz on the other side, our measurements were confined to a relatively narrow
temperature region of about 1300-1450 K. The most characteristic features of the system
are apparent from figure 1 which gives a summarized representation of the results, and also
from figures 2 and 3 which show the details as a function of Fe content at our reference
temperature of 1400 K; the resistivities increase dramatically on the addition of Fe, and the
temperature coefficients change sign at xg. =~ 0.08. As regards the variation in the resistivity
with the concentration, our findings are fully compatible with the earlier investigations of
Giinterhodt and Kiinzi [3] (figure 2) who suggested a maximum at xp, >~ 0.6. In fact,
our value obtained at xz. = 0.24 is already of the same magnitude as that of pure Fe
extrapolated to our reference temperature [6]. Concerning the temperature dependence, their
results imply negligible temperature coefficients for alloys with xpze 2 0.15 whereas our own
measurements, presumably owing to a better experimental resolution, yielded likewise small
but clearly negative temperature coefficients for xg. 2 0.08. Although it is not evident from
figure 1, the relationship between the resistivity and the temperature is in general not strictly
linear; therefore the experimental data have been fitted by polynomials up to the second
order; the coefficients are listed in table 1.

This very characteristic shape of the resistivity versus Fe content curve and the
appearance of negative temperature coefficients are typical and well explained features
of noble-metal-polyvalent-metal alloys; however, it is striking to find such a distinctive
behaviour in a noble-metal-transition-metal sysiem.
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Figure 1. Electrical resistivity of liquid gold-iron  Figure 2, Electrical resistivity of liquid gold—iron

alloys as a function of temperature and Fe content: O, alloys as a function of Fe content at 1400 K: C,

heating; x, cooling. experimental values, this work; x, data taken from
[3] (1373 K}; §, taken from [6], .- ---- , Faber-Ziman
theory [1,2

3.1. Resonance scattering

In the past, the electrical resistivities of liquid alloys have been successfully derived from
the Faber—Ziman [1] theory, If resonance scattering is the dominating process, the resistivity
of a binary liquid atloy can be written as [2]

3Irm?Q ! q
- = 14 T2
P = e fo d(EkF) (Zk ) al W

The quantity |7,;|* is determined by the partial structure factors a;; and the t-matrices,
according to

[Tl = c1lez—cran (g/2kp) 1+ eatiler — c2am(g/2ke) ] +orca(Bl + 1 E5)[1 —a1a(g /2ke)).
(2)

The t-matrices of the constituents are related to the phase shifts »,(Eg) of the individual
partial waves and the Legendre polynomials £;(cos8) via

q 2mh3
st — E + 6
t(Ep, ZkF) om B S (21 4 1) sin ; explim) Pi(cosd). (3)

In fact, if we apply this formalism to describe the resonance scattering resistivity in liquid
Au-Fe alloys, we arrive at inadequate theoretical predictions. The caiculated curves shown
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Fipure 3. Temperature coefficient of the electrical Figure 4. The combined quantity pspina/S(5+ 1) in

resistivity in liquid gold-iron alloys as a function of Fe  liquid gold-iron alloys as a function of Fe content at

content at 1400 K: +, experimental values, this work; 1400 K: +, obtained directly from the experimental

¢, experimental value taken from [6]; «----- , Faber—  values (O5pin = Ap); oo+ . deduced with the inclusion

Ziman theory [1,2]. of resonance scattering {(ospin = Ap — Apys) calculated
for different band widths ' (curve (1), 0.8 eV; curve
(2), 1.6 eV, curve (3), 2.0 eV).

Table 1. Coefficients of the least-squares fit to the electrical resistivities of liquid gold-iron
alloys: p (uS2cm) =ag+ o7 + @ T2 (T in K).

XFe a o x 1% azx 108

0 1198 14.66 -
0.03 36.77 8.52 —
0.06 5978 262 —
0.0¢ 78.58 ~1.54 —
0.12 11635 =33.28 1042
0.15 18091 -102.60 32.98
Q.17 17451  ~79.54 2527
0.21 159.55 —48.02 13.81
0.24 17774 ~63.41 2001

in figures 2 and 3 were obtained by assuming the phase shifts to be independent of the
composition and the structure to be well described by the hard-sphere structure factors of
Ashcroft and Langreth [7]. The phase shifis (5o = —0.425, 15, = —0.093 and 1, = 2.983
for Au; np = —0.392, n, = —0.029 and 5y = 2.748 for Fe), the packing fractions (0.4524
for Au; 0.5170 for Fe), the effective-mass ratio m*/m (0.71 for Au; 0.80 for Fe), as well as
the procedure for evaluating Er were those proposed by Waseda [8]; the atomic volumes £
of the components (18.975 x 10~3¢ m? for Au; 12.564 x 1072 m® for Fe) were taken from
the compilation of Crawley [9]. For alloys, the volume, the effective mass and the Fermi
energy were considered to vary linearly with composition.

The discrepances are evident; the actual increase in resistivity due to the addition of Fe
is much larger than predicted, and the trend in the temperature coefficient is even opposite
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to that derived from theory. To a large degree, the divergences apparent on the Fe-rich side
of figure 3 are due to the extrapolation of the input data from above 1800 K down to our
reference temperature of 1400 X. It is difficult to estimate to what extent the shortcoming
of the theory is due to the severe simplifications in evaluating equations (1)—(3).

There are strong indications that the d-wave phase shift n; of Fe in dilute alloys, one
of the essential ingredients of the theory, is different from that in concentrated alloys.
Previous magnetic measurements have shown that the filling of the d bands in dilute liquid
Au-Fe alloys, and therefore the d-wave phase shift, varies with composition and is definitely
different from that of pure liquid Fe [5]. In fact, the d-wave phase shift quoted by Waseda
[8] is absolutely incompatible with the pronounced magnetic behaviour of Fe in lquid Au.
The exceptionally high spin .5 of about —g- per Fe atom points clearly towards a large splitting
of the impurity levels into a nearly filled spin-up level (Z; = 5) and a nearly empty spin-
down level (Z, =~ 0). As a consequence, Since 74, = %:rZT_ 1» the phase shifts 4 > 7
and n, ~ 0 give a contribution on the electrical resistivity even smaller than that obtained
with the phase shifts recommended by Waseda [8].

Although we may assume that resonance scattering still gives an important contribution
and that the Faber—Ziman theory, if applied in a more correct form, might give appropriate
results, we shall oy to understand our experimental results in terms of spin-disorder
scattering, i.e. those effects due to interactions between the spins of the localized d electrons
and the conduction electrons.

For our further argumentation we shall treat the experimentally determined residual
resistivity Ap(= p — p?*) as a superposition of a resonance scattering term Apns(=

Pres — 0A2) and a spin-disorder scattering term ppin according to

Ap = Apres + Pspin- 4)

3.2, Spin-disorder scattering

If resonance scattering is completely neglected (Apes = 0; Ap = pgin), the residual
resistivity should be directly related to S(S 4 1) and the s—d interaction energy Jog [10):

Pepin = 37(m"/ he?)(Q Ep)xeeS(S + 1) Ik ®

It is evident from figure 4 that the combined quantity pgy.a/S(S + 1) varies linearly with
the Fe content xg, (@ = mEr/m*$2). This is indeed the behaviour predicted by equation (5),
indicating that Jes 1s about the same for all compositions. From the slope we deduce an
s—d interaction energy of |Jog| = 1.33 eV which corresponds roughly to the average value
of about 1.5 eV deduced for concentrated and dilute solid transition-metal alloys [11]. Our
value is of the correct order of magnitude but, since resonance scattering has been ignored,
it represents rather the upper limit of Jog.

3.3, Resonance scattering and spin-disorder scattering

In order to determine the s—d interaction energy J more precisely, we may include a finite
resonance scattering contribution. A fully theoretical calculation of the actual phase shifts
in our alloys goes beyond the scope of this paper; however, we may derive some estimates
in a semi-empirical manner from the Friedel-Anderson [12] model. In this concept, the
magnetically split impurity states are considered to have a Lorentzian shape of an effective
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width " being centred at £y — Eg and E, — EF, respectively. The d-wave phase shifts ny
and n, are related to these basic quantities via

ny =tan~[[/2Ey - ER)]  ny =tan” [T/2(E, — Ep)]. (6)

Strictly, the problem is to find good estimates for I', £y — Er and £ — Er. Following the
theory, the difference in the phase shifts as well as the splitting of the impurity levels can
be expressed in terms of the spin § according to

ny —ny = ixS Ey — Ey = 1SUqy. 0

For the exchange energy we assumed that U.g ™ 7 ¢V which is about the average of the
values quoted in the literature (6.5-7 eV [13] and 7-7.5 eV [14]). Thus, by combining
equations (6) and (7) with the experimental values of S and assigning a fixed value to T",
a complete set of model parameters can be established, in consistency with the magnetic
properties of the system. The choice of I' = 0.8 &V takes account of the widths actually
observed in solid dilute AuCr (0.7 eV), AuNi (0.6 eV) or Aghn (0.8 eV) [15]. In order
to take account of impurity levels broader than those in solid alloys, additional calculations
with T' = 1.6 and 2.0 eV were performed in the same manner. Table 2 lists a typical set of
parameters obtained for I' = 0.8 eV,

Table 2. Spin §, positions E4 — Ef and E| —~ EF of the magnetically split d states, and the
d-wave phase shifts iy and ) of liquid gold-iron alloys deduced from equations (6) and (7)
for a full width of ' = 0.8 eV.

XFe 5 Ey—Ep E, = EF nt n
(eV) (eV)

0.03 2261 -1862 4,469 2.930 0089
0.06 2108 —0914 4.988 2.72¢ 0080
0.09 2094 0869 4.994 2710 0480
0.12 2010 —0.677 4.951 2608 0082
0.15 1.947 =0.569 4.882 2.529 0082
0.18 1803 -0.507 4821 2474 04083
0.21 1.854 -=0.449 4,742 2414 0084
0.24 1.80* -0393 4,647 23438 0086

* Extrapolated.

Because of the arbitrariness in selecting the values of ' the results are not unigue, but,
irrespective of the choice of I, the positions of the majority levels E4 — Ep coincide roughly
with those of solid AuCr (—0.91 V), AuNi (—0.4 V) and AgMn (—2.8 eV) [15]. The
systematic variation with composition is primarily a consequence of assuming a constant
width for all concentrations.

Tt is not clear whether equations (1)-(3) also apply to a magnetically split structure;
however, as a first attempt we modified the procedure by splitting all terms in equation (3)
containing 7z into an 74 and an n, part. The results for o obtained with I' = 0.8 eV
are compiled in table 3, together with the experimental resistivities p, the spin scattering
resistivity pspip deduced from equation (4), the quantity a, and the interaction energy Jegr
evaluated with the help of equation (5).

Figure 5 gives a summarized graphical representation of the residual resistivities
obtained with the different choices of I', compared with the experimental values. It is
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Table 3. Electrical resistivities of liquid gold-iron alloys and some deduced quantities at
1400 K: the experimental restivities p, the resonance scattering resistivities pny calculated for
a d-level width of I = (.8 eV, the deduced spin scattering contributions pgpin, the quantity
a = mEp/m*82, and the s—d interaction energies Jes.

Lres Pspin a Jost

XFe p @Qem) (u2em A0 ImH (@V)
0 3246 3768 0 ¢.03 -

003 4870 3748 16.44 9.12 —1.29
0.06 6345 3738 30.86 921 -1.33
0.09 7643 3956 42.09 9.30 —1.28
012 8864 4302 50.84 9.40 —127
015  97.01 4809 54.14 9.50 —-1.21
048 10934 5440 60.16 9.60 -1.19
021 11732 6146 61.10 9,71 -1.15
024 12523 68.73 61.72 9.82 -1

evident that, at small concentrations, resonance scattering is negligible, which justifies the
assumption Ape, = ( made in the preceding section. At higher concentrations, Aprs
increases rapidly at the expense of Ogin, at a rate dependent on the choice of I'. As a result,
| Jegr] remains constant (about 1.3 eV) up to a certain limit (xpe >~ .12 for I' = 0.8 eV)
and decreases with further increase in xr. to about 1.1 eV at xg. = 0.24 (table 3). This is
also reflected by the decreased slope of the ggina/S(S + 1) versus xp. curve at higher Fe
contents (figure 4),

3.4. Temperature coefficient

Concerning the unexpected temperature dependence of the electrical resistivity, we may find
an explanation in terms of the Faber—Ziman theory if a higher valence of the transition metal
is taken into consideration. In such a case, Au-Fe would behave typically like any other
noble-metal-polyvalent-metal system. Chemically, and in view of the high spin § ~ 1.8-
2.3, it would indeed be plausible to consider Fe in the divalent or even trivalent state;
however, in our understanding this is not a very realistic picture.

Although the negative temperature coefficients do not fit the usual classification scheme,
the behaviour of Au-Fe is not unique; in fact, there is a very strong similarity to the system
Cu-Mn, in both the liquid and the solid state. The negative temperature coefficients of
the resistivity, the similar high spin numbers [4, 5], as well as the Kondo-like behaviour in
the solid state [10] or the very pronounced tendency to form spin glasses [16] are features
common to both systems. It is doubtful whether the concept of the Kondo effect can be
applied to rather concentrated liquid alloys but, since we have no better interpretation, it
was tempting to identify the unusual temperature dependence as a Kondo-like behaviour.
In the high-temperature limit the spin-disorder resistivity would then be expected to vary
logarithmically with temperature {10]:

dpspin/d logT) = 3zpspinJcH/EF- (8)

z denotes the number of valence electrons per atom; in our special case we assumed that
z =~ 1. To be more correct, this term should have been included in equation (5), but
its absolute contribution is only very small and has almost no influence on our further
reasoning. It is indeed a remarkable experimental observation that, at all compositions, the
residual resistivity Ap decreases with increasing temperature, in more concentrated alloys
in a non-linear and presumably even logarithmic manner.
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Figure 5. Residual resistivity Ap of liquid gold-  Figure 6, Temperature coefficient of the residual re-

iron alloys at 1400 K: +, experimental values; -« ... ., sistivity in liquid pold-iron alloys as a function of Fe
calculated in the resonance scattering approach for  content at 1400 K: +, experimental values; ——, spin-
different band widths T (curve (I), 0.8 eV: curve (2),  disorder contribution deduced for Apps = 0; --- -, con-
1.6 eV; curve (3), 2.0 eV). tribution from resonance scattering; : -« -+ , superposi-

tion of resonance and spin scattering contribution for
different band widths T (curve (1), 0.8 eV; curve (2),
1.6 eV; curve (3), 2.0 eV).

So far, the sign of Jor has not been discussed; however, the negative temperature
coefficient of Ap (figure 6} points towards a negative value of Ji which extending from
—1.1 to —1.3 eV (table 3) is now of about the same magnitude as those deduced for solid
CuCr (—1.2 eV [17]), solid AuV {—0.6 eV [18]) or solid AuCo (—0.63 eV [19]), but higher
than in solid AuFe (—0.25 eV) or solid CuFe (—0.4 eV) [20]. If we now evaluate equation
(8) at our reference temperature of 1400 ¥, we arrive at surprisingly good agreement with
the experiment; the most relevant numerical values are listed in table 4. The temperature
coefficients shown in figure 6 refer to residual quantities, 1.e. d{Ap)/dT as obtained from the
experiment, d(Aprs)/dT originating from resonance scattering, and the sum of d(Ape;)/dT
and dpgpin/dT evaluated for the different values of . The experimental curve is already
well reproduced if the residual resistivity is completely assigned to spin-disorder scattering
{Apres = 0; Jog = —1.33 V). The inclusion of a resonance scattering contribution (I' = 0.8,
1.6 or 2.0 eV) even reproduces the convex portion of the experimental curve,

The best agreement is apparently achieved with I' = 2 eV; however, with such a choice
of T, equations (6) and (7) cannot be solved for small concentrations of Fe, at least not for
the boundary conditions imposed by the spin §. It is obvious that the most acceptable fit to
the experimental data can be obtained, if I'" is assumed to increase with increasing xg.. This
is indeed a reasonable assumption, since I is expected to increase with increasing electronic

density of states; however, we abstained from exaggerating our rather crude picture in too
much detail.
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Table 4. Temperature coefficients of the electrical resistivities in liquid gold-iron alloys
at 1400 K: the experimental values dp/d7, the resonance scattering contributions dpres/dT
calculated for I' = 0.8 eV and the spin scattering contributions dpgyin/dT deduced from

equation (8).
. -0 -1
Sp/dT S/ dT dpgpin/dT (10°1° @ m K1)
XFe (10 emKY) (100 9mK")  Without Apk,  With Apl,
0 1.47 1.18 — —
0.03 0.85 123 —-0.61 —0.60
0.06 0.26 1.28 -1.16 -1.15
0.09 -0.15 1.36 —-L.64 —-1.51
0.12 —0.41 147 —2.08 -1.80
0.15 -1.03 1.60 —2.38 -1.82
0.18 -0.88 1.74 ~2.83 -1.98
0.21 —0.94 1.91 —3.11 ~1.93
0.24 —-0.74 2.10 —3.39 ~1.88

3 Caleulated with App, = 0 (S = —=1.33 2V).
b Calculated with the inclusion of Apes (I' = 0.8 eV; Jur from table 3).

4. Conclusion

The Faber—Ziman formalism, either in its original form or in the resonance scattering
approach, yields only an incomplete description of magnetic transition-metal alloys such as
Au-Fe or Cu—-Mn. In these particular cases the more or less drastic increase in the resistivity
on the addition of the transition metal as well as the negative temperature coefficient seem
to be associated with the appearance of strongly localized spins. As a consequence, the
usual classification scheme based on the formal valences of the components seems to be
inadequate for this particular class of alloys. There are strong indications that, in such
magnetically distinguished systems, s—d interactions play the dominant role,

In order to substantiate the arguments put forward in this paper, it would be of special
interest to have this category of liquid alloys reinvestigated in a more systematic manner
by different experimental techniques. From a theoretical point of view, it is not very
clear whether the concept of spin-disorder scattering really applies to liquid transition-meta]
alloys. Furthermore, it would be profitable to know whether for principal reasons or for
inappropriate input parameters the Faber—Ziman theory fails to explain the behaviour of this
class of liquid alloys.
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