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We report a correlation between the spin polarization of the tunneling electrons and the magnetic

moment of amorphous CoFeB alloys. Such a correlation is surprising since the spin polarization of the

tunneling electrons involves s-like electrons close to the Fermi level (EF), while the magnetic moment

mainly arises due to all the d electrons below EF. We show that probing the s and d bands individually

provides clear and crucial evidence for such a correlation to exist through s-d hybridization, and

demonstrate the tunability of the electronic and magnetic properties of CoFeB alloys.
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At the very foundation of spintronics lie the facts that the
conduction electrons in transition metal ferromagnets pos-
sess high mobilities and that they get highly spin polarized
as a consequence of their interaction with localized d
electrons [1]. In magnetic tunnel junctions, these s-like
electrons dominate the tunneling current and are primarily
responsible for the tunneling magnetoresistance effect
[2,3]. Early experiments to measure the spin polarization
of these tunneling electrons (TSP) in Ni1�xFex alloys
yielded the unexpected result that the alloy magnetic mo-
ment (�alloy) as well as their TSP displayed the Slater-

Pauling (S-P) behavior [4]. The S-P behavior of �alloy [see

Fig. 1(a)] is the well-known deviation from a linear change
resulting in a maximum [5,6] as the alloy composition
changes. While this nonmonotonic behavior of �alloy is

commonly observed in transition metal compounds, their
TSP exhibiting a similar curve is very surprising. This
surprise stems from the fact that, while �alloy is an integral

over all states below the Fermi level (EF) and is dominated
by d electrons, the TSP originates from transport of s-like
electrons close to EF. This correlation has been observed
only occasionally in experiments [7–10]. However, the
understanding of such a correlation has been neither ex-
perimentally nor theoretically addressed, making it a fun-
damental, long-standing, and highly debated issue.
Moreover, the existence of such a correlation between
�alloy and TSP will allow the engineering and tuning of

magnetic and electronic properties of ferromagnetic alloys
for application in spintronics. We believe that the key to
understand this correlation is a combined study of the
element-specific d-band electronic structure and the s
electron dominated TSP in a perceptively chosen material.

In this Letter, we demonstrate the S-P behavior of both
the TSP and�alloy of amorphous Co80�xFexB20 alloys. The

measured curves of both these properties show distinct
similarity in trend and provide an undisputable hint to
this correlation. Together with an intuitive understanding
of the correlation, we also report a detailed insight into the
various aspects of Co80�xFexB20 electronic structure.
CoFeB alloys are specifically chosen for the following

reasons. (i) Being amorphous, they are highly insensitive
to the miscibility of their constituents. (ii) Contrary to most
crystalline alloys, their atomic structure does not undergo
structural transitions with their composition on the micro-
scopic scale. Both the above distinctions allow easy ex-
perimental access to their characteristic properties.
(iii) Given their unquestionable importance in spintronics
today [11,12], and their complex ternary amorphous na-
ture, a comprehensive effort to understand their intrinsic
properties remains to be embarked upon.
Since the basic mechanisms for this correlation must

involve the electronic structure of the d bands, we use x-ray
absorption (XAS) and magnetic circular dichroism
(XMCD) to probe their properties. These techniques dem-
onstrate a direct observation of the S-P behavior for the
orbital (mo) and spin (ms) moments, as well as the expected
changes in the exchange splitting (�ex). Together, the
observations of the S-P behavior of mo, and the S-P be-
havior of ms and �ex, provide strong evidence to establish
that the alteration of the electronic structure with changing
alloy composition is, through s-d hybridization, primarily
responsible for the correlated behavior of �alloy and TSP.

We would also like to emphasize that such a clear obser-
vation of the S-P behavior, a characteristic of most tran-
sition metal ferromagnetic alloys, has not been established
yet using the XMCD technique. Moreover, with this dem-

FIG. 1 (color online). Schematic representation of the S-P
behavior for Co100�xFex: (a) S-P curve of �alloy [5].

(b) Known trend of the element-specific Co and Fe moments
[6]. DOS of (c) weak and (d) strong ferromagnets.

PRL 102, 016602 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending

9 JANUARY 2009

0031-9007=09=102(1)=016602(4) 016602-1 � 2009 The American Physical Society

http://dx.doi.org/10.1103/PhysRevLett.102.016602


onstrated tunability and insight into their magnetic, elec-
tronic, and transport properties, we believe that CoFeB
alloys open several new possibilities to engineer and en-
hance the performance of spin-torque devices.

Sample preparation and measurement techniques are
discussed in the supplementary material [13]. A schematic
representation of the S-P curve is exemplified for
Co100�xFex alloys in Fig. 1(a) as a function of the Fe
content. Notice that the generic shape for the total mag-
netic moment is simply a concentration-weighted average
of element-specific moments of Co and Fe shown in
Fig. 1(b). As sketched in the density of states (DOS) of
Fig. 1(d), Co is a strong ferromagnet with its spin-up d
band completely filled. Quite generally, as the alloy com-
position changes, its electronic structure and its moment
remain unaffected [5] [see Fig. 1(b)]. On the contrary, Fe
being weakly ferromagnetic with both spin d bands only
partially filled [see Fig. 1(c)] shows a substantial increase
in moment as the Fe content decreases [see Fig. 1(b)].
Eventually Fe undergoes a crossover from weak to strong
ferromagnetism [see Figs. 1(c) and 1(d)]. Note that this
crossover of Fe with the associated increase in the Fe
moment essentially causes the S-P behavior of �alloy [5,6].

One may ask whether amorphous CoFeB alloys also
show the S-P behavior. First-principles electronic structure
calculations predict weak ferromagnetism in amorphous
Fe80�xBx alloys [14] and strong ferromagnetism in amor-
phous Co80�xBx alloys [15]. Thus, one may expect that as
the Fe content decreases, the Fe DOS undergoes a transi-
tion from weak to strong ferromagnetism, which would
cause the S-P behavior. Just as expected, measured using a
superconducting quantum interference device (SQUID),
Fig. 2(a) shows that �alloy of Co80�xFexB20 exhibits the

S-P curve. Such a curve has also been measured before
[16]. Next, we focus on CoFeB TSP and the changes in the
alloy electronic structure which affect it.

The magnitude of the TSP measured using supercon-
ducting tunneling spectroscopy (STS) [3,17] is shown as
open circles in Fig. 2(b). Notice that the change in �alloy

[Fig. 2(a)] over the whole composition range is around a
factor �1:7. Remarkably, the TSP too is observed to
change by a very similar factor. While the observed corre-
lation in the shape of the two measured curves is not
perfect, this similarity between �alloy and the TSP is puz-

zling since, as mentioned earlier, �alloy evolves from d

electrons while s electrons dominate tunneling through
AlOx [2,3]. Nevertheless, given this apparent correlation,
if one naively assumes that the TSP and moment of Co and
Fe in the alloy are the same as that in pure Co or Fe films,
and that B is unpolarized [18], then one could estimate the
alloy TSP using a simple linear concentration-weighted
combination of the known moment and TSP values for
pure Co and Fe [see Eq. (S1), supplementary material
[13] ]. The TSP values so estimated are shown as open
squares in Fig. 2(b). One notes a striking similarity of this

curve with the measured TSP as well as with�alloy. In fact,

the use of this crude and admittedly oversimplified ap-
proximation seemingly estimates the alloy TSP within
�5% of its measured value. Given this oversimplified
approximation, one may wonder whether bulk electronic
and magnetic properties may be fit to describe electronic
transport at the interface. However, as we have shown in
our previous study [3], interface bonding effects at such a
complex interface between an amorphous barrier and a
chemically and structurally disordered ternary amorphous
alloy are an average over the configuration space. In other
words, at the interface, (i) the arrangement of each atomic
species in the ferromagnet with respect to those of the
oxide and (ii) the variation in the local coordination within
the ferromagnetic alloy are expected to change from site to
site. Consequently, though bonding may play a significant
role locally, the effect of such bonding may average out
over a macroscopic junction.
In order to get insight into the changes of the electronic

structure which cause this correlation, we measured va-
lence band spectra using ultraviolet photoemission spec-
troscopy (UPS) [see Fig. 2(c)]. A systematic and
pronounced impact of the changing alloy composition on
the valence band structure is seen in the spectra. The sharp
peak around 0.5 eV for the Co-rich compositions broadens
as the Fe content increases up to Fe56 and then levels off.
Based on the behavior of �alloy, we tentatively ascribe this

pronounced spectral change to the gradual crossover from
weak to strong ferromagnetism (see supplementary mate-
rial [13]).
The UPS spectra provide clear and direct evidence of the

systematic changes occurring in the electronic structure.

FIG. 2 (color online). (a) �alloy measured with SQUID (b) TSP
measured with STS and the estimated TSP (see supplementary
material [13] and text below). (c) UPS data.
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However, they are not element specific. Such an insight
would be invaluable considering that the S-P behavior
essentially derives from the changes in the Fe d DOS.
Therefore, we performed XAS and XMCD at the Fe L2;3

edges using synchrotron radiation. Next, we discuss two
aspects: (i) the orbital moment and (ii) the spin moment
and exchange splitting. The changes in these properties are
interrelated. They explicitly demonstrate the transition of
Fe from weak to strong ferromagnetism together with the
changes occurring in the DOS at EF. Moreover, as we shall
see later, this transition also provides a simple picture of a
correlation between the s and d electrons.

Figure 3(a) shows isotropic XAS spectra with standard
background subtraction (step function [19]). The differ-
ence in the absorption cross section measured for left or
right circularly polarized (�66%) light results in the
corresponding XMCD spectra shown in Fig. 3(b). In
Figs. 3(a)–3(d), note that Fe100 represents pure Fe, while
Fe0represents Co80B20 measured at the Co L2;3 edges.

Orbital moment (mo).—According to Thole et al., mo is

given by the orbital sum rule mo

n3d
¼ 4

3
�A3þ�A2

A3þA2
[20]. As

shown in Fig. 3(a), the integrated areas under the L2;3

edges of isotropic XAS spectra are used to extract A2;3,

while the corresponding areas under the XMCD spectra are
used to extract �A2;3 [see Fig. 3(b)]. n3d denotes the

number of d holes, which are unknown for CoFeB. mo

n3d
is

plotted in Fig. 3(c). First, the absolute value of mo mea-
sured for Fe100 (�0:13�B with the known n3d ¼ 3:4)
agrees fairly well with the calculated value of �0:1�B

[21]. Moreover, the curve in Fig. 3(c) resembles an in-
verted S-P curve and implies the quenching of mo with
increasing Fe content. We confirmed this quenching of mo

by analyzing other ratios known to be sensitive to the spin-
orbit interaction (see supplementary material [13]). The
changes in the Fe DOS sketched in Figs. 1(b)–1(d) may be
shown to directly result in the observed quenching ofmo. It
is known thatmo / ½n"ðEFÞ � n#ðEFÞ�, where n"#ðEFÞ is the
spin-resolved total DOS at EF [21–23]. In other words, mo

is directly proportional to the ‘‘magnetic’’ DOS at EF. A
transition from strong to weak ferromagnetism [i.e., from
Figs. 1(d) to 2(c)] where the spin-up band moves towards
EF would result in a decrease in n"ðEFÞ � n#ðEFÞ, conse-
quently quenchingmo. Later we will see that these changes
in the ‘‘magnetic’’ DOS at EF may also affect the TSP.

Spin moment (ms) and exchange splitting (�ex).—The
change in n"ðEFÞ � n#ðEFÞ is expected to have a direct
effect on ms which constitutes*90% of the total moment.
Figure 3(d) shows ms

n3d
calculated using the spin sum

2�A3�4�A2

A2þA3
� 7hTzi

n3d
[24]. The magnetic dipole term (hTzi) is

neglected as its local contributions are expected to cancel
out for an amorphous system [25]. First, the absolute value
of ms for Fe100 (2:14�B with n3d ¼ 3:4) is in excellent
agreement with the moment of pure Fe [21,22]. Most
remarkably, the shape of ms

n3d
is distinctly similar to that of

�Fe shown for Co100�xFex in Fig. 1(b). Recall that the
shape of this curve in CoFe is associated with the trans-
formation of Fe from a weak to a strong ferromagnet. The
analogous behavior of ms

n3d
in Fig. 3(d) demonstrates that, as

expected, Fe in CoFeB also undergoes a similar trans-
formation. Accompanying this increase in ms, another
signature of the S-P behavior would be a similar increase
of �ex known to be directly proportional to ms [26]. Such
an increase in�ex would also endorse our above arguments
about the shifting of the d bands [see Figs. 1(b)–1(d)]
which influences the magnetic DOS at EF and mo. Now,

�ex has been shown to be directly proportional to the �A3

A3

(and �A2

A2
) ratio [27]. In the inset of Fig. 3(d), in agreement

with the expected increase in �ex / ms, the �A3

A3
ratio

also increases. Furthermore, quantitatively speaking, in
Fig. 1(b) the Fe moment in Co100�xFex alloys is seen to
increase by �23%, i.e., from the nominal 2:2�B to

�2:6�B. Remarkably, in CoFeB, ms and �ex / �A3

A3
also

increase by�20% and�25%, respectively [see Fig. 3(d)].

Similar to the increase in �A3

A3
, we observe an increase in the

�A2

A2
ratio (not shown). The absolute numbers for these

ratios are also in very good agreement with [27].
Given this crossover of Fe from weak to strong ferro-

magnetism, we will now address how exactly these
changes in the Fe d bands bring about the S-P behavior
of the s electron dominated TSP. A clear indication comes
from two independent arguments:
(i) Isomer shifts essentially probe the changes in the s

electron charge density at the nucleus. In amorphous
Co80�xFexB20 these isomer shifts also exhibit the S-P

FIG. 3 (color online). (a) Background subtracted Fe L2;3 edge
XAS. (b) Corresponding XMCD spectra. (c) Orbital moment per

hole, mo

n3d
. (d) Spin moment per hole, ms

n3d
. Inset shows �A3

A3
/ �ex

[27]. Fe0 represents Co80B20 measured at the Co L2;3 edges.

Lines in (c) and (d) are guides to the eye.
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behavior [28] due to s-d hybridization. Although these
measured changes in the charge density represent all s
electrons below EF and are not spin resolved, they directly
point to the interplay between s and d electrons.

(ii) The spin-resolved information is observed in our
measurements where the S-P–like changes in mo, ms, and
�ex provide a direct insight into the underlying mechanism
which causes a change in the TSP. More specifically, it is
well-known that, due to s-d hybridization, the s DOS is
suppressed in regions of large dDOS [3] [see Figs. 1(c) and
1(d)]. As the Fe d bands cross over from weak to strong
ferromagnetism, the spin-up d band gradually moves be-
low EF. Recall that this shift in the d band also resulted in
the quenching of mo / ½n"ðEFÞ � n#ðEFÞ�. As shown in
Fig. 1(c), due to this shift in the d bands, one may also
expect an associated increase in the spin-up s electron DOS

at EF½n"sðEFÞ�. This consequently increases the spin polar-

ization of the Fe s electrons defined as PFe
s ¼ ½n"sðEFÞ �

n#sðEFÞ�=½n"sðEFÞ þ n#sðEFÞ�. As a result, PFes behaves in a
manner similar to the magnetic moment of Fe in Fig. 1(b).

The alloy spin polarization (Palloys ) will consequently show

the S-P behavior. Note that this increase in Palloys will result
in a corresponding increase in TSP, since the TSP is a good

representative of Palloys for these amorphous ferromagnets
[3]. Here we assume that PCos remains unchanged just like
the Co moment in Fig. 1(b). We verified that the Co mo-
ment indeed remains unchanged using Co edge XMCD
(see Fig. S6, supplementary material [13]).

Given this information on CoFeB electronic structure
and the coherent picture for the existence of a correlation
between �alloy and TSP, the discrepancy with the TSP

measurements on Co100�xFex alloys compiled from litera-
ture, which do not seem to exhibit the S-P behavior, may
seem particularly puzzling. However, these alloys are
crystalline and undergo structural transitions (bcc $ fcc)
depending on their compositions, which affect their elec-
tronic structure and may obscure a clear insight. Moreover,
no composition dependent study which directly focuses on
the structure, magnetism, and TSP of Co100�xFex alloys
has been reported, nor any detailed XMCD measurements
have been performed. On the contrary, the TSP of Co
and Fe alloyed with Ru and V [7] is known to exhibit a
correlation with �alloy. XMCD measurements on these

alloys could provide more understanding.
In summary, we investigated the magnetism and TSP of

amorphous Co80�xFexB20 films. We find that the S-P be-
havior of the �alloy is also seen in the s electron dominated

TSP. XMCD data show a crossover from weak to strong
ferromagnetism in the Fe DOS. To the best of our knowl-
edge, this is the first observation of the S-P behavior in
transition metal alloys using the XMCD technique. We
conclude that this crossover in the Fe DOS, together with
s-d hybridization, provides an intuitive understanding of
the direct correlation between �alloy and TSP.
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