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We report measurements of spin-polarized tunnel currents from a wide compositional
range of alloys of Ni with Fe, Mn, Cr, or Ti. The interpretation of the data indicates that
all the alloys have an electron spin polarization P which is positive and whose magnitude
follows closely the saturation magnetic moment of the alloy. This simple result greatly
constrains possible explanations of spin-polarized tunneling from 3d ferromagnetic metals.

It was previously shown that the spin polariza-
tion P of the tunneling currents in elemental Ni,
Co, and Fe is positive (predominantly in the ma-
jority spin direction). "' Similar values of P for
these metals had been obtained earlier from in-
terpretations of the spin polarization of photo-
emitted electrons. ' These results aroused great
interest because they were apparently in direct
contradiction to a simple interpretation of the
band theory of ferromagnetism. This band-theo-
ry explanation would have the tunneling conduc-
tance for the two spin directions proportional to
the magnitude of the two spin densities of states
at the Fermi surface. For Ni the model pre-
dicts P= —67%, which is wrong in sign as well as
magnitude (measured P for Ni~+1(pp). For Fe
the magnitude of P in such a picture should be
much less than for Ni, again contrary to experi-
ment. Thus this simple band-theory explanation
is incorrect. Because these unexplained results
bear directly on the basic mechansim of ferro-
magnetism in the 3d metals, there has been much
recent theoretical activity. Also experiments
are in progress using tunneling, photoemission,

field emission, and several other techniques.
References to this current work are given in re-
cent reviews. +' Some preliminary results of Ni-
Mn and Ni- Ti alloys were given in Ref. 5. The
purpose of this Letter is to present measure-
ments of the tunnel-current spin polarization
over a wide range of 3d ferromagnetic metal al-
loys, which show that there is a striking corre-
lation between the measured polarization and the
saturation magnetic moment n~ of the alloys.

The technique and analysis of spin-polarized
tunneling experiments have already been de-
scribed in detail. ' In essence the experiment
consists of measuring the conductance dI/dV ver-
sus voltage V of a tunnel junction consisting of a
40-A-thick superconducting Al film, an Al, o, bar-
rier, and the ferromagnetic metal film. With
the junction in a parallel magnetic field of about
40 koe and at a temperature of 0.4 K, the conduc-
tance shows an asymmetry of the spin-split tun-
neling conductance about V = 0 which can be used
to determine the spin polarization of the tunnel-
ing electrons. '

The present experimental results are summa-
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FIG. 1. Measurements of the electron spin polariza-

tion P for P*, the polarization relative to that of pure
Ni {see Ref. 6) l of tunneling currents from Ni alloys
shown by points and solid lines versus the atomic frac-
tion of the nonnickel component. The dashed curves
show the known values of the saturation magnetic mo-
ment n~ of these alloys {see Ref. 7j in Bohr magnetons
per atom {right-hand scale).

rized in Fig. 1, @which shorvs the measured elec-
tron spin polarization for tunnel junctions in
%'hich the ferromagnetic films were Dickel Rlloys
containing different concentrations of Fe, Cr,
Mn, or Ti. The points and solid lines are the
measured polarizations of the alloy junctions.
The dashed curves are the accepted values' of the
saturation magnetic moment of similar alloys at
T ~ 0. In Fig. 1(a,) the variation of P as a function
of Fe concentration is rather similar to that of
the known behavior of the magnetic moment. In
particular in the compositional range of 10 to 60
at.% Fe, both P and ns increase linearly with the
Fe concentration. In this range Fe and Ni form
a continuous series of solid solutions and the mag-
netic anisotropy is rather small. It may be that
structural defects, vrhich are ahvays present in

the thin films, are less important in this range.
Figure 1(b) shows the values of p* (the po»»-

zation relative to that of pure Ni, see Ref. 6) and

nI, for Ni-Mn alloys. ' The initial increase of n~
and its later decrease are reflected closely in
the values of P*. The fact that g~ drops more
rapidly than P*, particularly at large concentra-
tions, perhaps reflects the higher inhomogeneity
of the thin films. Figures l(c) and 1(d) show the
equivalent measurements of P* for Ti and Cr,
respectively. Both have a monotonic decrease
which is only slightly less rapid than the decrease
for n~. ' For each of these alloys the data sum-
marized by Fig. 1 shoe& the close correlation be-
tween the magnetic moment and the electron spin
pola, rization. The alloy films were formed by
standard evRporRtion methods. In preliminary ex-
periments with Mn and Ti alloys, ' the films mere
prepared by flash evaporation of the intimately
mixed powders which were slowly fed into a hot
tungsten boat. This technique led to considerably
r educed values of P even for pure Ni, an effect
which presumably was assoicated vrith the poor
vacuum conditions during extremely rapid evap-
oration. In the present experiment the alloy films
of Ni and Mn, Cr „or Ti mere made by co-evap-
oration of the two elements using two separate
quartz-crystal monitoring systems to obtain the
desired composition. The Fe-¹ialloy films mere
formed by evaporating a known composition from
a tungsten boat at a known temperature. From
the vapor pressure of the elements and the known
activity coefficients of Fe and Ni the composition
of the deposited film could be accurately calculat-
ed. ' The composition of the deposited films eras
also measured by x-ray fluorescence. Errors
in composition were probably less than 3% ex-
cept vrhere otherwise shorn. During a single
evaporation four alloy junctions and four nickel
junctions mere made on each of four glass sub-
strates. From these 32 junctions we selected
those with the best tunneling characteristics. Se-
lected junctions had a leakage current at V = 0 of
less than 1%. The conductance versus voltage
was measured with a four-terminal circuit ar-
rangement. ' Three or four junctions of the ¹i
and of the alloy films were measured from each
evaporation (often on the same substrate). The
random error as judged by the variations of P
measured on junctions from the same evapora-
tion was approximate1y 0.02P. A variation of
about + 1.5 in P (as given in percent) was found
between different evaporations of the same nomi-
nal concentrations. These latter variations are
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probably attributable to the effect of different
evaporation conditions on the ferromagnetic films,
although variations of the thickness and spin-or-
bit scattering of the Al films may contribute. For
small amounts of impurity in Ni, the normaliza-
tion procedure of using P* tends to eliminate
these sources of error. The values of P given
here are not corrected for the effect of spin-or-
bit scattering in the Al films. This correction,
whose exact value is now being determined, will
multiply all the values of P by a factor of about
0.9, but leave the relative values of P unchanged.

The above experimental results agree approxi-
mately with those on polarization of electrons
photoemitted from Ni, Co, and Fe films. ' As yet
no photoemission results have been published on
alloy films; such measurements would be of con-
siderable interest. Recent photoemission mea-
surements on Ni single crystals" gave negative
polarization for energies within 0.05 eV of EF.
However, since the work function changed by 0.11
eV during these measurements, it is hard to
judge the validity of these threshold measure-
ments, which must be exceedingly sensitive to
surface conditions. However, these results do
emphasize the need for single-crystal tunneling
measurements, which are very well suited to
probe the region near E~. Regarding the polari-
zation of field-emitted electrons, " results to date
are complicated by the extreme sensitivity to sur-
face contamination and emission sites, "and it
seems likely that firm results have not yet been
obtained.

From the theoretical side Hertz and Aoi" have
presented arguments to explain the tunneling re-
sults and have derived values of P for Ni, Co,
and Fe close to the measured values. Anderson"
and Doniach" have attempted to explain the sign
of the polarization in photoemission. Fulde, I u-
ther, and Watson" emphasized the importance of
surface eff ects. However, as yet there is no gen-
erally accepted explanation for all the results.
In any case the observed correlation between P
and n~ puts a strong constraint on models of fer-
romagnetism in the M metals.
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