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Precision measurements on saturation moments of Cr-Fe, Fe-Co, Fe-Ni, and Co-Ni alloys
with 0, 5, 10, and 20 at.% Al substitutions are reported; they show linear decrease of the mean
atomic moment M at low Al concentration c. The negative slopes —dM/dc vary with the
electron to atom ratio ¥ of the transition metal: They show a maximum near 3 ~8.3, as does
the Slater-Pauling curve, and decrease to —dM/dc ~3.0ug/ (Al atom) near pure nickel. At
concentrations close to pure Fe, there is a sharp drop to —dM/dc=2.2ug /(Al atom). The
moment decrease due to the Al solute is found to be in qualitative accord with M=M,(1~c)
—c(V=ngdug, where — (V —ng)ug is the moment induced by an impurity atom with valence V

in the surrounding transition matrix with free-electron density ng.
particular case the known form M=M;—cVug.

This law takes for Ni as a

In the (Fe-Cr)-Al series the observed magnetic

behavior is correlated with electronic-specific-heat data and critical concentrations for ap-

pearance of ferromagnetism.

I. INTRODUCTION

It is well known® that if Ni is alloyed with a non-
transition metal which has V outer electrons, the
mean atomic magnetic moment M decreases with
the concentration ¢ of the solute according to M =M,
~cVup. Thus in the Ni alloys with Al, which has
three valence electrons, dM/dc=~3.0up/(Al atom).
On the other hand, if Fe is alloyed with Al or Si,
the observed moment is known to decrease indepen-
dently of the solute valence as dM/dc = - 2. 2= - M,, so
that the effect on M seems to be only one of dilution.
These two different kinds of behavior were also re-
cently observed by neutron scattering measure-

ments. #° These observations would seem to indi-
cate that a magnetic defect of roughly - Vujp is
formed in a Ni matrix around an Al impurity where-
as an iron matrix is nearly unaffected by substi-
tuted Al atoms, which in this case behave as mag-
netic vacancies. On the other hand, magnetic in-
vestigations of several (Fe-Ni)-Al series lead to
dM/dc values ranging from —2.5 to — 4. 0uz/(Al
atom). *#° In some series of these alloys, the mo-
ment decrease due to the Al impurity has values
which are smaller than the expected valence value
of -~3.0up/(Al atom) observed in Ni-Al alloys.
Complementary conclusions indicating the com-
plexity of the situation were reached by Srinivasan
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et al.® from electronic-specific-heat measure-
ments on bce alloys of 34 transition elements
with 0, 10, and 20 at. % Al. They found that the
curve of density of states versus the number 3 of
outer electrons per average transition atom, is
nearly unaffected by addition of 10 at. % Al. How-
ever, 20 at.% Al addition mainly produces a shift
of the density-of-states curve towards higher 3 val-
ues, so that the y peak in Cr-Fe alloys at 3 ~6.4

is shifted to 3 ~ 6.7 The authors concluded that in
the 10 at. % Al alloys, the Al electrons do not in-
teract with the d band, but that in the 20 at. % Al
alloys there would be a removal of electrons from
the d band. Until now, magnetic data were not
available to allow one to check this model.

In view of these different results, it seemed ad-
visable to study systematically the effect of Al sub-
stitution on the magnetic moment of first-transition-
series ferromagnets, with the hope of obtaining ad-
ditional information on the d-band change and elec-
tronic structure of these alloys. The rate of mo-
ment variation due to Al addition was thus deter-
mined experimentally at 15 different % values of
ferromagnetic-transition-element alloys ranging
from 3 =6. 4 for Cr-Fe to 3 =10.0 for Ni. For
most series the Al contents used were 0 and ap-
proximately 5.0, 10.0, and 20. 0 at. % Al, with in-
termediate values in some cases. The results
which are presented in Sec. II show (i) that, ex-
cept for pure iron, the mean atomic moment M of
the alloys is always decreased by Al addition at a
rate which is faster than a simple dilution, (ii) that
the initial rate of moment decrease dM/dc per added
Al atom is a function of the 3 ratio of the transition-
element matrix, and that only near nickel is —dM/dc

o T T T |
1 200 O Cr-Fe
5 ® Fe-Ni
3 aE) [ | Fe-Co
©° o 0 Co-Ni
21100 Oat%Al © Fo ® Ni
x /.
/5 at%Al
2 0 /10 at% Al |
3
m
4
=
1+ 20 at%Al -
Cr , Mn Fe Co Ni Cu
0' 174 1 1 | 1 J
6 7 8 9 3 10 1"
FIG. 1. Mean atomic moments M of first-transition-

series alloys, without and with 5,10, and 20 at.% Al,
versus transition-metal ratio 3 ( o interpolated

from data quoted in Ref. 8). Inset: Paramagnetic sus-
ceptibilities x at 4°K of 0, 10, and 20 at. % Al series
for 6.4< 3 <7.2,
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approximately equal to 3. 0uz/(Al atom). The re-
sults are discussed in Sec. III. I is shown that they
compare favorably with a moment decrease law
which accounts additively (i) for a dilution of the
transition atoms and (ii) for a moment decrease due
to the nontransition impurity in accordance with ei-
ther of two different existing electron transfer mod-
els. The second effect is found to be zero when Fe
and most probably also Cr-rich (Cr-Fe) alloys are
diluted with Al

II. EXPERIMENTAL

Alloys were prepared from at least 3N pure tran-
sition metals and 6N pure Al by induction melting
under pure argon atmosphere in 99. 5% pure Al,0,
crucibles. The ingots were annealed for 10hat 1000
°C in vacuum and finally water-quenched when neces-
sary in order to avoid formation of ordered phases.
The samples with high Al concentrations were x-ray
tested for phase homogeneity. Some (Fe-Ni)-Al sam-
ples which are recorded in Table Ihadto be rejected
as showing appearance of bce phase in additionto the
fcc phase. The compositions were determined by
weighting the constituent materials. Theupper limit
of weight loss at melting was 0.01%. For each al-
loy series of given 3 value, the Al alloys were pre-
pared from a single master alloy of the transition-
metal components. The maximum relative error for
Al composition is estimated to be less than +1% of
the Al content. The measurements were done on
prolate ellipsoidal sam:ples with dimensions 8.0
X4, 0 mm,

The magnetizations were measured by the induc-
tion method’ in fields up to 30 kOe at 4°K, or at 20
°K for alloys having Curie points above room tem-
perature. Saturation magnetizations were obtained by
o (H™?) or o® (H/o) extrapolations. The moments
M are considered to have an absolute accuracy with-
in £ 0. 2%, and the relative accuracy within a given
series is better than +0.1%. High superposed para-
magnetic susceptibilities were observed in the Cr-
rich (Cr-Fe) — Al alloys.

The measured average atomic moments M ex-
pressed in up (moments per total number of atoms,
that is, including Al atoms), are listed in Table I
They are shown in Fig. 1, together with data inter-
polated from previous investigations on Fe-Al al-
loys which are quoted in Ref. 8. As is seen
from Fig. 1, the moment is decreased by Al addition
at all 3 values. The effect is especially great for
high Al concentrations in the (Cr-Fe)-Al and (Fe-
Co)-Al series.

In Fig. 2 moments have been plotted as function
of Al concentration for some characteristic 3 values.
This figure shows that at constant 3, the atomic mo-
ment M decreases linearly at low Al concentrations,
whereas a departure from linearity is found at higher
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TABLE I

MAGNETIZATION MEASUREMENTS OF 0,

5, 10, and 20-.. 3001

Mean atomic moments M, of 3d transition-element alloys without and with various Al contents (c),

and initial rate of moment change —dM/dc in pg/(Al atom) at different electron-per-atom ratios g of various transi-

tion-element alloys.

Transition- » My, up M, pg for(c) at. % Al —dM/dc
element
alloy

(Feq.,Cry.q) 6.40 0.293  0.255(4.89), 0.148(9.77) 0.78
(Fey.25CTo.15) 6.50 0.403  0.386 (2.25), 0.333 (4.95), 0.220 (9.92) 0.75
(Fey, sCro.q) 6.60 0.545 0.514 (2.16), 0.457(5.01), 0.346(9.63), 0.054 (20. 00) 1.43
(Fey,4CTy.¢) 6. 80 0.777  0.673(5.12), 0.548(10.10),0.413 (14.70), 0.227 (20, 09) 2.03
(Fey ¢Cry.4) 7.20 1.231 1,099 (5.03), 0.958(9.96), 0.798(14,90), 0,597 (19.80) 2.62
(Feg,4Cry.o) 7.60 1.720 1,585 (4.87), 1.438(9.83), 1.044 (19.84) 2.77
(Feq.4Cry.p) 7.80 1.967  1.967(10.00, 1,433 (18.20) 2,70
Fe 8.002 2.2

(Fey.3Cop.2) 8.20 2,432  2.248 (4.84), 2.021(9.88), 1.546 (20.00) 3.80
(Feq.1C0g.9) 8.30 2.452 2,248 (5. 05), 2.015(9.97), 1.523 (19.96) 4.04
(Feg,4Coy.s) 8.40 2.412  2.221(5.04), 1.991(9.95), 1.494(20.08) 3.79
(Feg, 5Niy. 5) 9.00 1.676 1.610(1.96), 1.503 (4.92), 2 phases (10.05), 2phases (19.60) 3.37
(Coy,5Niy.5) 9.50 1.202  1.065 (4.96), 0.940(9.99) 2.76
(Fey. 15Nig. g5) 9.70 0.948  0.893 (1.94), 0.818(4.81), 0.713(9.89) 2 phases (20. 02) 2.83
(Coy. 25Ny 75) 9.75 0.920  0.775(4.97), 0.670 (9. 96) 2.92
Ni 10,00 0.616 0.565 (1.82), 0,464 (5.16), 0.398(7.44) 2.94

aSee Ref. 8.

Al contents, especially for (Fe-Cr)-Al alloys, as is
also seen from Fig. 1. The slope dM/dc of the ini-
tal linear moment variation was determined graph-
ically. The relative error of a slope is mainly de-
termined by the relative error in Al compositions
of the alloys and is estimated to lie within +2%.
The negatives of the initial slopes —dM/dc are al-
so listed in Table I and plotted in Fig. 3 along with
values computed from other sources. Inthe (Fe-
 Ni)-Al series, our ~dM/dc values agree well with
those deduced from the work of Bardos et al.*?
Figure 3 shows that the dM/dc values describe a
single curve even in the 3 range corresponding to
different binary systems as Fe-Ni and Fe-Co, Co-
Ni. It appears that the —dM/dc curve exhibits a
maximum near 3 = 8, 3 as does the Slater-Pauling
curve which is the 0% Al curve of Fig. 1. Also,
there is a sharp relative minimum centered on iron.
The maximum value of - dM/dc is approximately
41 p/(Al atom). Near nickel, the curve tends to
—dM/dc ~3.0up/(Al atom), whereas near Cr atj
=~ 6, 4 it drops rapidly.

III. DISCUSSION

The results show first, that the moment decrease
of —3.0up/(Al atom) anticipated from the valence of
aluminum is only observed for Ni-Al. Further,
they suggest that except for iron, —dM/dc is always
larger than the atomic moment M, of the matrix.
Thus it appears at first sight that magnetic dilution
behavior is essentially followed in Fe-Al alloys, and
that at other 3 values, the moment decrease is
faster than by dilution. This leads us to assume that

the moment decrease due to the Al impurity must
involve (i) a dilution term accounting for the tran-
sition- metal substitution by the Al atoms and (ii) a
term accounting for the change in the 3d band in-
duced by the impurity atom. A well-known picture
for this 3d-band change has been given by Mott in
terms of an electron transfer in a rigid-band model.
In systems like Ni-Al, following Mott’s latest
description, ' (V-n,) electrons, the difference be-
tween the V valence electrons of the solute and the
free-electron density n, of the matrix go into the
unsaturateddband. We will suppose that this model
applies to the ternary fcc alloys at 3 2 8. 3 with nickel-
type d” band structure where the d* band is thought to
be filled while thed “band remains incomplete upto

% ~10.5. If weaccountfor thed-band contribution
at a rate of one Bohr magneton per contributed elec-
tron the mean atomic moment M at constant is 3
then given, as afunction of the solute concentration
c, by

M=Myl=c)=c(V-ng)ug. 1)

The secondterm of Eq. (1) may alsodescribe
screening effects of a local excess impurity charge
(V - n,) assuming that all the electrons which
contribute to the screening go into the d band. As
emphasized by Friedel, 9 these two concepts are the
energetic and the spatial aspect of the same first-
order approximation, and will therefore lead to the
same second term in Eq. (1). Considering the spa-
tial aspect of the model, Eq. (1) can be presented
in a conceptual form
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M=Mo1 = (1+a) ] e [1tg= (E524) ,

which states that ac atoms of the matrix around a
nonmagnetic impurity have a mean moment M, de-
creased by a quantity proportional to (V —#,).

An alternative explanation has been proposed by
Beeby. 10 Here the valence electrons from the im-
purity lead to an increase in the number of conduc-
tion electrons and by this to some s-d admixture
which results in a reduction of d-band splitting
through decrease in exchange strength near the im-
purity atom. The M (c) dependence is then given
as

M=My(1 =c)-ck(V-ng)us, (2)

where k=A/3n, is a function of the number of d sub-
bands of the matrix. The numerical value of % is
near unity.

In the following we will consider the first model
and check in a rough approximation its validity as
a function of 3. It is immediately to be noted that
for Ni, where My=~n,ugz, Eq. (1) reduces to the
known form

M=My-cVig, (3)

which appears as a particular case, and has thus
not the extended validity which it is usually as-
cribed.

It is now of interest to consider the derivative of
Eq. (1),

D My-(V=n,) b5, )
and to examine its dependence on 3. As n is a
smooth function of 3 and V is a constant, it appears
that —dM/dc will vary essentially in the same man-
ner as the host magnetic moment M,. Thus —dM/
dc will have a maximum corresponding to that of

(Feggo Cogao)-Al

S ——
———

(Fegso Crozo)
O

O
(Fegz0 Croao) -Al” ©
0 5 10

FIG. 2. Mean atomic moments M of some transition
alloys series with Al substitution: the intitial moment
decrease is linear.

at. % Al 20
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FIG. 3. Negative initial rate of change —dM/dc of
mean atomic moment with respect to Al concentration,
plotted as a function of transition-metal ratio % ( @ cal-
culated from Refs. 4 and 5; o from Ref. 8).

the Slater-Pauling curve at3~8.3. For 3 >8.3,
one expects that — dM/dc decreases and reaches
—dM/dc = 3. 0 for nickel, as is effectively observed
(see Fig. 3).

Figure 4 shows the apparent values of the free-
electron density », around the impurity atoms as
calculated from Eq. (4), using the experimental
data of ~dM/dc and putting V=3.0. For 3>8.3
(full line of Fig. 4), these calculated values are,
excepting near Ni, significantly higher than the
free-electron densities of the transition metals,
which are generally admitted to increase from 0. 6
for Ni to 0.9 for Fe. This may be understood on the
basis of the discussed model as an increase of the
electron density in nonmagnetic state in the vicinity
of the Al atom. Thus the screening of the impurity
charge would mainly but not completely be assured
by d electrons. In Beeby’s Eq. (2), the experimen-
tal data lead to % values 0.7< 2< 1.0.

In Fe-Al alloys, following the experimental facts
presented in Sec. I, there is no electron transfer to
the d band. Mott' pointed out that in this case the
screening of the impurity excess electrons may be
completely secured by s electrons.

In the bee range of 6.05358. 3, according to
usual concepts, the transition-element alloys have
an iron-type d-band structure where both d* and d-
subbands are considered to be unfilled. In contrast
to this model, Srinivasan et al.® propose that
the Fermi level lies in one single d* subband at 5. 8
$358.4, Inthe usual model, the moment decrease
due to Al atoms would imply a prevailing electron
transfer to the minority d~ band as a consequence
of the impurity screening by d electrons. As the
density of states at the Fermi level is usually as-
sumed to be much smaller in the d ~ band as com-
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FIG. 4. From Eq. (4), calculated value n, of apparent

free-electron density in the Al impurity surrounding
transition-element matrix as a function of transition-
metal ratio . For full line (fcc), and dotted line (bcc),
see text (@calculated from Refs. 4 and 5; o from Ref.
8).

pared to the d* band, the accommodation of extra
electrons in the d~ band should be due to a decreased
d-band splitting. In this process, the filling up

of the d* subband is not modified as shown by the
electronic-specific-heat coefficients which remain
constant up to 10 at. % Al addition.® This interpre-
tation is now rather as in Beeby’s model. The n,
value for 3 ~7.5 is close to 1.5. This is again
larger than the probable free-electron density of the
transition metal which here should be near 1.0 since
it must decrease from 2.0 at 3=2 to 0.6 at 3=10.

In the band model of Srinivasan et al., the
moment decrease caused by Al atoms would imply
an electron removal from the only unfilled d" band,
‘as pointed out by in Ref. 6 for alloys with 20 at. %
Al.

Around Fe in the range 7.55358.3, the —dM/dc
anomaly is dominated by the dilution behavior of
pure iron. Here Eq. (4) leads to n,~ V showing that
the d band does not contribute at all to the impurity
screening which, as pointed out by Mott, is secured
by s electrons. As shown by the dotted line of Fig.
4, the calculated n, values increase to 3. 0 both at
Fe and at 3 ~6.4, leading to the idea that at 3 ~6.4,
the initial moment change may also be mostly of a
dilution type.

The (Fe-Cr)-Al alloys show at low-temperatures
high-paramagnetic susceptibilities. They have been
determined as x = dM/dH in fields H>10 kOe, where
in the case of large x, the magnetization increases
nearly linearly with H. These susceptibilities are
plotted in the inset of Fig. 1. It appears that the x
values of the 0 and 10 at. % Al alloys are very close

10, and 20... 3003
and that they are largely increased at 3 ~ 6. 4 while
the 20 at.% Al alloys show a maximum at 3 ~6. 6.
This behavior is related to that of the electronic-
specific-heat coefficients y. Figure 1 shows fur-
ther that the critical concentration for ferromagne-
tism in the 20 at. % Al alloys is at 3 ~ 6.6, whereas
it is near 3 $6.4 in both 0 and 10 at. % Al alloys.
Thus it appears that the increased y and x values
correspond to the critical concentrations for the
appearance of ferromagnetism. In this case the
observed y and x values will include enhancement
effects which are known to occur in this concentra-
tion range. *

1V. CONCLUSION

The experimentally observed rate of moment de-
crease due to Al substitution in ferromagnetic bcc
and fcc first-transition-series alloys, varies with
the 3 ratio of the transition metal. The rate of mean
atomic moment decrease —dM/dc due to an Al atom
is qualitatively fitted to the experimental data using
a moment decrease law as Eq. (1) or (2). These laws
take into account (i) a passive dilution effect of the
transition-element atoms of the ferromagnetic ma-
trix by the nontransition impurity atoms and (ii)
an active moment decrease due to the introduction
of the nonmagnetic impurity atom which is propor-
tional to (V — ng), the difference between the valence
of the impurity and the free-electron density of the
surrounding matrix. This second effect may be
accounted for by either one of the mechanisms pro-
posed by Mott! or Beeby. '° If the dilution phenom-
enon (i) always has to be accounted for, the d-band
contribution (ii) appears to vary as a function of 3
and is zero in Fe-Aland becomes very smallin (Cr-Fe)
-Al near 3=6.4. Animportant conclusionisthat the
law M =M,- c Vg accounting for the moment varia-
tion in Ni-based alloys is only a particular case of
Eq. (1), and does not have the significance of a con-
tribution of the V valence electrons of the impurity
to the d band of the ferromagnetic matrix. Finally,
it has been shownthat the electronic-specific-heat
peak shift observed in the bece first-transition-series
element alloys with 0, 10, and 20 at. % Al are cor-
related with susceptibility peaks and to critical con-
centrations for appearance of ferromagnetism.
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Using the weak scattering approximation and the Van Hove correlation-function technique,
it is shown that the scattering function for a binary alloy (solid or liquid) is quite generally
expressible in terms of three structure factors Syy(@, Syc@, and Scc@) constructed from
the Fourier transforms of the local number density and concentration in the alloy. These

structure factors have the property that at temperatures above the Debye temperature and in
the long-wavelength limit (g — 0), Syy(0) and S;-(0) represent, respectively, the mean square
thermal fluctuations in the particle number and concentration, and Sy-(0) the correlation be-
tween these two fluctuations. Thermodynamic formulas for these fluctuations are given and
their concentration and temperature dependence examined for various types of mixtures (reg-
ular, order-disorder type, athermal, etc.). It is concluded that the present formalism,
because of its ready link with the thermodynamic properties of the alloy, can be helpful in
interpreting the various experimental data and provides useful insight into the partial struc-

ture factors introduced in the Faber-Ziman theory of liquid alloys.

I. INTRODUCTION

In the current treatment of the problem of elec-
trical conductivity of metals (liquid or solid), the
relevant scattering function describing the scattering
of electrons is given by the product of two factors:
a structure factor which depends only on the rela-
tive positions of the ions in the metal, and the atom
form factor or the pseudopotential matrix element
which describes the scattering due to the individual
ions in the metal.'™® The method depends on as-
suming that the total potential, responsible for
scattering, in the metal may be written as the sum
of the potentials due to individual ions in the metal
and that it can be regarded as weak. Faber and
Ziman® (FZ) have generalized this approach to dis-
cuss the electrical resistivity of liquid alloys. For
a binary alloy the scattering function depends upon,
in general, three independent partial structure
factors which completely describe the structure of
the alloy and the two form factors.

The transport properties of alloys have also been
discussed on another, and seemingly unrelated,
approach which is valid in the long-wavelength limit
and which attributes the scattering of electrons -
in analogy with the well-known theories”® of light

scattering in liquids and liquid mixtures - to the
local thermal fluctuations in the density and con-
centration of the alloy. In particular, Krishnan
and Bhatia® showed that the observed strong tem-
perature dependence of the resistivity of an order-
disorder type of alloy near its critical point may
be attributed to the corresponding temperature de-
pendence of the concentration fluctuations. A some-
what similar approach has been recently suggested
by Takeuchi and Endo'® for liquid alloys; see also
Tomlinson and Lichter. !

The work of the present paper may, in a sense,
be regarded as constituting a generalization of the
above fluctuation approach so that it is applicable
at shorter wavelengths and low temperatures. It
is shown that in the aforementioned weak scattering
approximation, the scattering function for a binary
alloy (solid or liquid) is quite generally expressible
in terms of three structure factors Syy(q), Syc(Q),
and S¢(Q), which are derived from the Fourier
transforms of the local number density and concen-
tration of the alloy. For liquid alloys and for solids
above the Debye temperature, these structure fac-
tors have the property that in the long-wavelength
limit (g—0), Syx(0) and S (0) represent, respec-
tively, the mean square fluctuations in the particle



