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We recently demonstrated that alloy composition can be used to fine tune the position of the Fermi level in
Co1−xFexS2 alloys leading to composition-controlled spin polarization and the ability to engineer high conduc-
tion electron spin polarizations of up to 85%. We present here a comprehensive experimental investigation of
the structure, stoichiometry, magnetic, magnetotransport, and thermodynamic properties of bulk polycrystalline
solid solutions of Co1−xFexS2. These data are supplemented with direct measurements of the spin polarization
at the Fermi level by point contact Andréev reflection �PCAR� and first principles electronic structure calcu-
lations. The compositions studied are in the range 0.0�x�0.30, the most relevant part of the phase space in
terms of composition control over high spin polarization. By measuring the Fe doping dependence of the
saturation magnetization, high field magnetoresistance, and anisotropic magnetoresistance, and combining
them with PCAR, we are able to show that Fe doping first leads to a crossover from minority to majority spin
polarization, followed by attainment of a highly spin polarized state for x�0.07. The experimentally deter-
mined spin polarization can be tuned by alloy composition between −57% �x=0� and +85% �x=0.15�. The
evolution of the magnetic, transport, and thermodynamic properties with increasing Fe doping is discussed in
terms of the composition dependence of the conduction electron spin polarization and the spin-dependent band
structure.
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I. INTRODUCTION

The emerging research field of spin-electronics, or spin-
tronics, has received a great deal of attention in recent
years.1,2 As opposed to conventional microelectronics, where
only the electronic charge carries information, both charge
and spin are utilized in spintronics. This provides new routes
for the design of novel devices that are faster, nonvolatile,
and therefore have no boot-up time, and potentially have
lower power consumption. In fact, first-generation spintronic
devices are already in existence and are currently used, or are
under development, in the magnetic recording industry. Ex-
amples include spin-valve and current perpendicular to the
plane giant magnetoresistance read heads1–4 and nonvolatile
magnetic random access memory,1,2,5 based on tunneling
magnetoresistance.1,2,6 Future generations of spintronic de-
vices promise to combine technologically important non-
magnetic semiconductors with magnetism, either by synthe-
sizing dilute magnetic semiconductors1,2 or by fabricating
heterostructures with conventional ferromagnetic metals.1,2

A key component common to all spintronic devices is a
source of spin-polarized carriers, most commonly a ferro-
magnetic �FM� material. It is clear that in many cases the
performance of the spintronic devices is dramatically im-
proved if this electron source is highly polarized, i.e., if the
polarization of the electron spins at the Fermi level �P� is
large. In terms of the electronic band structure, spin polar-
ization is usually defined by,7

P =
N↑�EF� − N↓�EF�
N↑�EF� + N↓�EF�

, �1�

where N↑,↓�EF� is the spin-dependent density of states �DOS�
at the Fermi level EF. Spin-polarized photoemission is a
technique that is capable of providing such a direct measure-
ment of P, but it suffers from poor energy resolution and
extreme surface sensitivity.8–10 Alternatively, the spin polar-
ization can be probed by electron tunneling across an insu-
lating barrier, either using two FM electrodes,6 or one FM
and one superconducting electrode �i.e., the Meservey-
Tedrow method�.11 The tunneling spin polarization is defined
by

P =
N↑�EF��T↑�2 − N↓�EF��T↓�2

N↑�EF��T↑�2 + N↓�EF��T↓�2
, �2�

where T↑,↓ is the �potentially spin-dependent� tunneling ma-
trix element. Planar or point contact Andréev reflection
�PCAR� can also be used to measure spin polarization,12–20

the relevant definition being

P =
N↑�EF�vF,↑ − N↓�EF�vF,↓

N↑�EF�vF,↑ + N↓�EF�vF,↓
, �3�

where vF is the �potentially spin-dependent� Fermi velocity.
If the electronic transport in the Andréev reflection measure-
ment is diffusive, then vF is replaced with vF

2 . It is therefore
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important to note that different definitions of spin polariza-
tion are accessed in different experimental situations.7

Ferromagnets with P=100%, also known as half-metallic
ferromagnets �HMFs�,21 would be ideal materials for use as a
source of polarized spins. Such materials have the Fermi
level located in the conduction band for one spin orientation
and in a gap for the opposite spin orientation, resulting in
P=100%. The advantages offered by these HMFs can be
seen from the theoretical predictions,22 and experimental
observations,23–25 of very large TMR in magnetic tunnel
junctions as P→100%, as well as the theoretical claims that
efficient “Ohmic” spin injection26,27 will only be possible in
the limit P→100%.28

The situation described above has led to an intensive
search for HMFs. Indeed, several ferromagnets �or ferrima-
gents� have been the subject of experimental investigations
concluding that the materials are either very highly polarized
or completely half-metallic. CrO2,9,15,16,29 Fe3O4,10,30

La0.67Sr0.33MnO3
8,14,17,18 and Ga0.95Mn0.05As31 are perhaps

the most widely known examples, where P values have been
found to lie in the range 80%–100% by various techniques.
Of these, the strongest evidence, particularly from transport
investigations,15,29 occurs for CrO2. It should be noted, how-
ever, that there still remain some controversies regarding the
labeling of any of these compounds as “half-metallic,”32 par-
ticularly at finite temperatures.33,34 The fact that different
definitions of P apply to different measurement modes �see
above�, and that spin polarizations derived from spin-
resolved photoemission are sensitive to the wave vector and
measurement conditions chosen,32 both contribute to the dif-
ficulty in concluding true half-metallicity in these materials.
There is a significant amount of theoretical work suggesting
that excitations at finite temperatures lead to destruction of
the fully polarized state even for systems that are half-
metallic at T=0 �see Refs. 32–34�, and there are several
pieces of experimental evidence to support the notion that P
is dramatically reduced at high temperatures.8,32

In addition to these general comments, several of these
compounds suffer from key drawbacks such as meta-
stability and incompatibility with conventional vacuum
deposition techniques �CrO2�, poor conductivity at low tem-
peratures �Fe3O4�, low Curie temperature �Ga1−xMnxAs�, and
rapid fall-off in polarization with increasing temperature
�La1−xSrxMnO3, and CrO2�. It is therefore clear that it is very
important for future progress that other highly polarized ma-
terials are developed. In addition, although it has not been
discussed in the literature, FM systems with tunable spin
polarization could be very useful for basic research in
spintronics.35 For instance, this would allow for the measure-
ment of the device performance �e.g., TMR� as a function of
the spin polarization of the FM electrodes, a feat that cannot
be achieved with conventional transition metal ferromagnets.
This is a desirable property even if the Curie temperatures of
the materials in question are too low for technological appli-
cations; it would still allow for fundamental studies of spin-
tronic devices as a function of the spin polarization. In this
paper we demonstrate the application of a simple scheme
that allows for composition control over the spin polarization
of the ferromagnet Co1−xFexS2.35 We demonstrate the ability
to deliberately engineer a highly polarized ferromagnet, as

opposed to simply searching for one based on the results of
electronic band structure predictions.

Our work is based on the pyrite structure itinerant ferro-
magnet CoS2 �Curie temperature, TC=121 K, electronic con-
figuration t2g

6 eg
1, S=1/2�. Our recent determination of P

=57% from PCAR confirms that the pure compound is not
half-metallic.36 The essential concept, which was alluded to
by Zhao et al.37 and put on a firm theoretical footing by
Mazin,38 exploits the fact that CoS2 has a Fermi level that
lies low in the conduction band37–41 and that it can be alloyed
with FeS2, an isostructural diamagnetic semiconductor �t2g

6 eg
0,

S=0�, with a reduced EF.37,38 The solid solution Co1−xFexS2
is then expected to have an Fe concentration �x�-dependent
Fermi level, implying that in a certain composition range EF
can be decreased such that it intersects the majority spin
band while lying in a gap for the minority spins, producing
P=100%. �For a more detailed discussion, see our previous
report35.� Detailed band structure calculations have demon-
strated that this simple concept of Fermi level manipulation
by Fe doping is actually preserved; Mazin performed density
functional theory calculations within the local spin density
approximation on Co1−xFexS2.38 The linear muffin tin orbital
�LMTO� method was used, and then checked with the full
potential linear-augmented plane wave method. The results
for the two methods agree very well and suggest that
Co1−xFexS2 is a HMF in the composition range 0.25�x
�0.85. Our band structure calculations35 also show the spin
polarization of Co1−xFexS2 can be tuned by Fe doping, from
−75% �x=0.00� to 100% �x�0.25�.35 The sign change re-
flects a crossover from minority to majority spin dominance
and is due to the specific shape of the density of states as a
function of energy.35

The Co1−xFexS2 system therefore offers substantial advan-
tages over other candidate half-metals. First and foremost we
are able to deliberately “engineer” high spin polarization by
Fermi level control, as opposed to simply searching for half-
metallic compounds based on the predictions of band struc-
ture calculations. Second, as pointed out by Mazin,38 the
high spin polarization in this system should not be sensitive
to crystallographic disorder and defects, in contrast to other
systems such as Heusler alloys.19,20,42–44 Third, the composi-
tion control of the spin polarization offers unique opportuni-
ties for fundamental studies of material properties as a func-
tion of spin polarization, and finally, looking forward to
heterostructure fabrication, this system has a close lattice
match to important semiconductors such as Si and GaAs. It
has even been suggested that interfaces between CoS2 and
such semiconductors are good candidates for efficient spin
filtering.45 Although the Curie temperatures are around
150 K, ruling out room temperature applications, it seems
that the Co1−xFexS2 alloy system offers great potential oppor-
tunities for the fundamental study of highly spin-polarized
FMs and the heterostructured spintronic devices fabricated
from them.

Despite considerable research efforts on the pyrite struc-
ture sulfides such as FeS2 �as a possible candidate for pho-
toelectrochemical and photovoltaic applications46–49�, CoS2
and NiS2 �for their interesting magnetic and transport
character50–56�, Co1−xFexS2 has received little
attention.35,36,41,50,52 We present here a brief review of the
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previous work. Ogawa et al. investigated the saturation mag-
netization and Curie temperature of Co1−xFexS2 for various
Fe doping levels.52 Their results show that the total satura-
tion magnetization is proportional to cobalt concentration in
the range 0.05�x�0.90 and that the Curie temperature de-
pendence on Fe doping shows a nonmonotonic behavior, at-
taining a maxium at x=0.25. Similar results were obtained
by Jarrett et al.57 Ogawa et al. also measured the zero mag-
netic field temperature dependence of the resistivity for
Co1−xFexS2.50 Their results revealed an anomalous peak in
the resistivity near TC for low Fe doping, which is due to a
band structure effect as discussed in a previous report of our
own.36 In the temperature range T�TC, the transport charac-
teristics of Co1−xFexS2 change from metallic to semiconduct-
ing with increasing x, as expected �CoS2 is a ferromagnetic
metal, whereas FeS2 is a diamagnetic semiconductor�. More
recently, PCAR measurements by Cheng et al. on
Co1−xFexS2 single crystals indicated spin-polarization values
�61%, far below the predicted 100%.58 As discussed in de-
tail later, these results differ from those presented here. We
believe this is due to the nonstoichiometry explicitly noted
by Cheng et al. �as discussed later�. Ramesha et al. also
recently reported magnetization measurements and band
structure calculations on Co1−xFexS2.41 They presented mag-
netometry results on polycrystalline Co1−xFexS2 synthesized
at 400 °C. Their LMTO band structure calculation empha-
sized the importance of the antibonding S-S level for the
half-metallic behavior of Co1−xFexS2.

In this paper, we present a detailed investigation of the
magnetic, electronic and thermodynamic properties of
Co1−xFexS2. We have studied ten compositions in the range
0.00�x�0.30, in sulphur stoichiometric polycrystalline
bulk materials. Our measurements indicate that the saturation
magnetization per Co ion �MS� increases with increasing
doping level up to x=0.07, at which point it attains the ideal
value of 1.0�B/Co ion, consistent with P=100%. This inte-
ger value is maintained up to x=0.30. TC versus doping level
shows an intriguing nonmonotonic behavior with a maxi-
mum at x=0.20. The temperature dependence of the resisi-
tivity ��� displays a hump near TC for low doping, which
evolves into a transition to a state with d� /dT�0 �i.e., a
semiconducting-like temperature dependence� for x�0.10. A
sizeable ��10% in 90 kOe� positive magnetoresistance
�MR� is observed near TC regardless of Fe doping level.
These observations are consistently interpreted in terms of
the spin dependent band structure of the Co1−xFexS2 alloys.
The negative MR below TC, which is due to field suppression
of electron-magnon scattering, vanishes at x=0.07, exactly
coincident with the attainment of 1.0 �B/Co in the MS�x�
measurement. We interpret this as a vanishing of the spin-flip
electron-magnon scattering contribution to the resistivity,
suggesting very high P at x�0.07. In addition, the aniso-
tropic magnetoresistance �AMR� also shows a sign change
from negative to positive with increasing doping level, the
crossover occurring between x=0.00 and 0.03. This is inter-
preted, within the standard models of AMR, as being due to
a sign change in P, consistent with our band structure
calculations.35 We also investigated the heat capacity �Cp� of
Co1−xFexS2. The DOS at EF extracted from the low tempera-
ture Cp�T� measurement decreases with increasing doping

level, consistent with the behaviour of ��T�, and in reason-
able quantitative agreement with theory. Finally, the PCAR
measurements show 85% spin polarization at x=0.15. Com-
bining all these results, we conclude that Co1−xFexS2 is a
tunable spin-polarization system where the conduction elec-
tron spin polarization can be controlled from −57% to 85%.

II. EXPERIMENTAL CONSIDERATIONS

Bulk polycrystalline samples of Co1−xFexS2 �0�x
�0.30� were prepared by a three-stage process; liquid phase
reaction, followed by solid-state heat treatment, then resulfu-
rization. Consistent with previous literature,59 we were un-
able to synthesize homogeneous substitutional solid solu-
tions using standard solid-state reaction techniques. In our
new three-step procedure, CoS2 and FeS2 powders �250 mg
in total� were thoroughly ground and sealed in a quartz tube
with 800 mg of S powder. The tube was subsequently evacu-
ated to �1�10−6 Torr. The powder was then heated to
1000 °C for three days. This step is performed above or near
the melting point of the sulfides to encourage formation of a
homogeneous substitutional solution. After cooling to room
temperature, the reaction product was ground and heated
again with 150 mg S at 900 °C for seven days, to counteract
the small amount of phase separation that occurs on cooling
below the melting point. The resulting powder is signifi-
cantly S deficient due to the high processing temperature. To
obtain stoichiometric samples, the powder was then resulfu-
rized with 150 mg S at 700 °C �a relatively low tempera-
ture�, pressed into a pellet under 3�106 psi, and sintered
with 120 mg S at 700 °C. The x-ray diffraction pattern of an
x=0.1 sample is shown in Fig. 1 as an example. The data are
consistent with the desired pyrite structure with no additional
peaks due to secondary phases. The lattice parameters de-
duced from the �200� peak follow Vegard’s law �see Fig.
2�a�� and the full width at half-maximum of the �200� peak is
independent of x, as shown in Fig. 2�b�. The latter point is
particularly important as it demonstrates the formation of a
homogeneous substitutional solid solution. Any phase sepa-
ration into CoS2 and FeS2 �or Co and Fe rich regions� would

FIG. 1. X-ray powder diffraction from a representative
�x=0.10� polycrystalline sample of Co1−xFexS2. Inset: Energy dis-
persive spectroscopy on the same sample shown in the main panel.
The energy of the electron beam was 20 kV.
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manifest itself as a broadening of these peak widths due to
the existence of two overlapping, but unresolvable, peaks.
Such behavior was indeed observed prior to optimization of
the synthesis method. Energy dispersive spectroscopy �inset
to Fig. 1� indicates a composition of Co1−xFexS2.2, i.e., excess
S, with no detectable impurities.

The dc and ac magnetic response, AMR, and heat capac-
ity were measured in a Quantum Design Physical Property
Measurement System in the temperature range 5 K�T
�300 K and in magnetic fields up to 90 kOe. The frequency
and driving field for the ac susceptibility measurement were
100 Hz and 10 Oe, respectively. The magnetotransport mea-
surements employed an ac excitation at 13.7 Hz in the tem-
perature range 4.5 K�T�300 K. Magnetic fields were ap-
plied parallel to the sample plane and the current. The AMR
measurements were performed with a rotator probe such that
the field could be applied parallel or perpendicular to the
measuring current. The relaxation technique was used to
measure the heat capacity using a standard heat capacity
puck �Quantum Design�. The spin polarization of our
samples was probed by the PCAR method, with both Pb and
NbN tips, and fitted with the model of Strijkers et al.,60

which is a modified form of the Blonder-Tinkham-Klapwijk
�BTK� approach.61 P was estimated by measurement of mul-
tiple contacts followed by extrapolation to Z=0, where Z is
the dimensionless quantity used to describe the strength of
the interfacial barrier.60,61 Further details are provided with
the discussion of the experimental results.

III. RESULTS AND DISCUSSION

A. Dc and ac magnetometry

The temperature dependence of the dc magnetization �M�
and the in-phase ac susceptibility ���� �in a static field of

1 kOe� was measured for ten different dopant levels �0�x
�0.3�. Five representative curves �x=0.00, 0.05, 0.10, 0.20,
and 0.30� are shown in Fig. 3. The sudden loss of dc mag-
netization and the sharp peak in �� near TC demonstrate that
CoS2 �x=0� is close to exhibiting a first-order phase transi-
tion from FM to paramagnetic, as noted previously.36,51–53,62

This sharp transition evolves into a more continuous smooth
transition with increasing doping level, with M�T� showing a
“Brillouin-like” temperature dependence for x�0.05. All
samples show a peak in the ac susceptibility providing a
measure of the Curie temperature �TC�, which we also deter-
mined more accurately with the heat capacity measurements
discussed later �Sec. III C�. The TC determined by the two
methods is shown in Fig. 4. The TC from ���T� is about 4 K
higher than the corresponding Cp�T� result, independent of x.

FIG. 2. Fe doping dependence of �a� the lattice parameter, a,
determined from the position of the �200� x-ray diffraction peak,
and �b� the full width at half-maximum of the �200� x-ray diffrac-
tion peak. The solid line in �a� demonstrates the adherence to Veg-
ard’s law.

FIG. 3. Temperature dependence of �a� the dc magnetization,
and, �b� the ac susceptibility, for x=0.00, 0.05, 0.10, 0.20, and 0.30.
Magnetization data were taken in a static 1 kOe field, while the ac
susceptibility was measured in a 1 kOe static field with a 10 Oe
driving field at 100 Hz.

FIG. 4. Fe doping dependence of the Curie temperature deter-
mined from ac susceptibility �solid points� and heat capacity �open
points�. The solid lines are guides to the eye.
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TC initially increases with increasing Fe doping, achieving a
maximum value at x�0.20. At x�0.20 the data are sugges-
tive of a weak decrease with further increase in x. This non-
monotonic behavior agrees with the previous results of other
groups,41,52,57 and is quite counterintuitive. It is known that
the Fe atoms are expected to have S=0 �they are t2g

6 eg
0 and

FeS2 is not ferromagnetic� meaning that this system is show-
ing an enhancement of TC with dilution by �presumably�
nonmagnetic dopants. Although we have no conclusive inter-
pretation of these data, it is worth noting that an increase in
TC with increasing disorder has been observed in recent dy-
namic mean field theory calculations in the disordered one
band Hubbard model.63

The M�T� curves of the x=0 and x=0.15 samples mea-
sured at different applied magnetic fields are shown in Fig. 5.
As expected, we observe the broadening of the transition
from FM to paramagnet in high magnetic fields. Consistent
with prior work, the x=0 sample crosses over from a sharp
transition in M�T� at H=0, to a smooth transition at large
field. Based on the magnetization at 10 K in a 90 kOe field,
we obtained the saturation magnetization in units of Bohr
magneton per Co ion as a function of x �Fig. 6�. To do this,
we explicitly assume zero moment on the Fe atoms, consis-
tent with the aforementioned simple expectations and the
results of our band structure calculations.35 Recent Co NMR
data provide further evidence that this assumption is valid.64

The saturation magnetization per Co ion takes a noninteger
value at x=0.00 �0.87 �B/Co�, increases with x, and reaches
1.0 �B/Co at x=0.07, which is maintained up to x=0.2. The
experimental values of MS show remarkable agreement with
the theoretical calculation, also shown in Fig. 6. The attain-
ment of an MS of an integer Bohr magneton per formula unit
is a necessary but not sufficient condition for half metallicity.
Because the electronic configurations of Co in CoS2 and Fe

in FeS2 are t2g
6 eg

1 and t2g
6 eg

0, respectively, the expected MS for
the half-metallic Co1−xFexS2 system is 1.0 �B/Co �derived
from the single Co eg electron�. The measured MS of
1.0 �B/Co for 0.07�x�0.3 is therefore consistent with a
half-metallic state. Figure 7 shows the field dependence of
the sample magnetization for x=0.00, 0.05, 0.15, and 0.20
samples. All these samples show soft ferromagnetic behav-
ior, i.e., the coercivity is very low ��10 Oe� and saturation is
achieved in about 2 kOe. The inset to Fig. 7 shows the hys-
teresis loop of CoS2 over the expanded field region from
−90 kOe to 90 kOe. A small but finite slope exists at high
field and results in a slight overestimation of MS when the
90 kOe value is used. This could explain the measurement of
saturation magnetizations slightly in excess of 1.0 �B/Co for
0.07�x�0.20.

FIG. 5. Temperature dependence of the magnetization at �a� x
=0.00, and �b� x=0.15, for applied dc magnetic fields of 1, 10, 30,
60, and 90 kOe.

FIG. 6. Fe doping dependence of the saturation magnetization
�in units of Bohr magnetons per Co ion� from �a� theoretical band
structure calculations, and �b� experiment. The values in �b� explic-
itly assume zero magnetic moment on the Fe ions, as discussed in
the text. The horizontal solid lines indicate the value of 1.0 �B/Co
expected for a half-metal.

FIG. 7. Magnetization vs applied magnetic field �up to 10 kOe�
for x=0.00, 0.15, 0.20, and 0.50. Inset: x=0.00 data in the expanded
field region out to 90 kOe.
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B. Transport and magnetotransport

1. Zero field resistivity

The temperature dependence of the zero field electronic
transport is shown in Fig. 8, which plots both the resistivity
and conductivity �	� of seven representative samples. ��T�
shows a very clear correlation between the electronic con-
duction and the magnetic ordering, the short vertical lines
indicating the position of TC. For all samples, the resistivity
shows the typical linear dependence with T from 300 K
down to TC. Below TC, the characteristics of the resistivity
for the Co1−xFexS2 system changes from a metallic-like tem-
perature dependence �� increasing with T� to a
semiconducting-like temperature dependence �� decreases
with T� as x increases from 0 to 0.3. This is illustrated more
clearly in Fig. 9, which plots the dependence of the low
temperature �10 K� 	 and d� /dT. �Note that this figure also
plots the total DOS from band structure calculations and heat
capacity measurements, and will be discussed in the next
section.� The transition between the two regimes �i.e., the
sign change in d� /dT� occurs at x�0.10. It should be noted,
however, that even at x=0.3, the apparent zero temperature
extrapolation of the conductivity is finite �see Fig. 8�b��,
meaning that all compositions are in fact metallic. A true T
=0 MIT is expected to occur at higher x, as FeS2 is known to
be a semiconductor with a band gap of �1 eV. It is therefore
expected that at x�0.30, 	�T=0� will reach zero and d� /dT
will change sign even at T�TC. It is worth pointing out that
the situation that occurs at x�0.10, i.e., a crossover from a
metallic-like temperature dependence to an insulating-like
temperature dependence on cooling through TC, is extremely
unusual. In fact, this behavior is exactly opposite to many
systems of current interest.65

We begin our discussion of the evolution of ��T� with
doping at x=0.00, which we have examined in detail in a
previous publication.36 Mazin38 has previously pointed out
that exotic transport effects are to be expected in this system
due to the unusually large value of dN�E� /dE at E=EF. As
discussed below, this, plus the known existence of EF very
close to the bottom of the conduction band35–41 and the pres-
ence of disorder, will feature prominently in our explanations
for the transport behavior. At x=0.00, a metallic-like ��T� is
found at T�TC and at low temperatures, but with a large
anomaly in the resistivity at TC. This anomaly takes the form
of an increase in resistivity as the temperature is lowered
through TC, and was interpreted in our previous work as a
spin-dependent band structure effect.36 It is known, from pre-
vious theoretical work,35–41 and our own calculations,35 that
EF lies very low in the conduction band at x=0.00. The
essential concept of our model is that as the temperature is
lowered through TC and the exchange splitting of the con-
duction bands takes place, the total �both spin channels�
DOS decreases abruptly due to the fact that the minority spin
DOS at EF almost vanishes, i.e., one spin orientation barely
contributes to the transport. This could occur due to EF lying
below the conduction band edge for the minority spins �a
“true” half-metal� or below the mobility edge E� �a “trans-
port” half-metal�. In either case the reduction in the total

FIG. 8. Zero magnetic field temperature dependence of �a� the
resistivity and �b� the conductivity for x=0.000, 0.025, 0.050,
0.100, 0.150, 0.200, and 0.300. The short vertical lines indicate the
position of TC.

FIG. 9. Fe doping dependence of �a� d� /dT at 10 K, �b� the
10 K conductivity, �c� the total �both spin orientations� density of
states at the Fermi level extracted from the electronic contribution
to the heat capacity below 60 K, and, �d� the total density of states
from electronic band structure calculations.
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DOS at EF results in a sharp decrease in the conductivity,
and the “hump” in ��T� just below TC. For x=0.00, at tem-
peratures just in excess of TC, the proximity to a first-order
FM to paramagnetic transition36,51–53,62 means that a transi-
tion to a ferromagnetic state can be induced by large mag-
netic fields.36 This results in the same exchange splitting that
occurs on cooling through TC in zero magnetic field, mean-
ing that a positive magnetoresistance is observed, having the
same magnitude as the increase in resistivity that occurs
when cooling through TC.36 This MR, and its evolution with
doping is discussed in detail below.

To explain qualitatively the variation in ��T� at T�TC

with increasing doping, specifically the evolution from a
sharp peak in ��T� at x=0.00 to a sign change in d� /dT for
x�0.10, we extend the spin-dependent band structure model
previously developed for undoped CoS2.36 Again, our expla-
nation hinges on the existence of a Fermi level very close to
the conduction band edge, the presence of disorder �from
random doping�, and the significant size of the conduction
band exchange splitting. Specifically, we propose that the
point x=0.10, where d� /dT �at T�TC� changes sign �see
Fig. 9�c��, is the point at which EF falls below the mobility
edge for the majority spin subband at T�TC. Metallic be-
havior prevails at T�TC, but at T�TC, the exchange split-
ting of the conduction band results in a situation where the
minority spins provide a negligible contribution to the trans-
port, and even in the majority spin subband EF lies just be-
low E�, resulting in a semiconductor-like ��T�. As we will
see later, the spin polarization measured by PCAR at these
compositions is still �100%. This could be due to a small
contribution from thermally excited minority spins �the en-
ergy barrier for this excitation will be small�, a limitation of
the PCAR technique, which does not utilize ideally charac-
terized interfaces, a problem with the interfaces of these sul-
fides, or materials defects such as grain boundaries or S in-
terstitials. If x were increased further �beyond x=0.30� the
Fermi level would eventually move below the majority spin
subband �and therefore well below E��, resulting in a true
zero temperature MIT and a T=0 extrapolation of the con-
ductivity of zero.

2. Magnetoresistance

The behavior of the resistivity in magnetic fields up to
90 kOe is shown as a function of temperature in Fig. 10 �for
x=0.00, 0.025, 0.05, 0.15, and 0.30� and as a function of
field in Fig. 11 �for x=0.00, 0.05, and 0.30�. Significant
�10%–20%� MR effects are observed from temperatures just
above TC down to liquid helium. In discussing this data, we
will again begin at x=0.00, which was discussed in a previ-
ous publication.36 Figure 10�f� shows the 90 kOe MR ex-
tracted from the temperature sweeps shown in Fig. 10�a�.
Figure 11�a� shows corresponding field sweeps taken at three
representative temperatures. A positive MR of approximately
8% occurs near TC, due to the previously described spin-
dependent band structure effect.36 Essentially, the application
of large magnetic fields emulates the reduction in total DOS
at EF obtained when cooling below TC in zero applied field,
i.e., the resistivity is controlled by the magnetization. This
positive MR in the vicinity of TC is observed at all x values,

as shown in Figs. 10�g�–10�j�. The influence of doping is
illustrated more clearly in Fig. 12 which shows the x depen-
dence of the MR at T=TC, as well as the increase in � that
occurs on cooling below TC in zero field �see the figure cap-
tion for a precise definition�. We propose that the spin-
dependent band structure argument used to explain the posi-
tive MR near TC in CoS2 is also applicable at x�0.00, i.e.,
that the magnetization controls the resistivity. As shown in
Fig. 12, increasing x leads to an increase in the magnitude of
the positive MR near TC, from 7% at x=0.00 to 12% at x
=0.05. This is accompanied by a concomitant increase in the
change in resistivity that occurs on cooling below TC in zero
magnetic field, from 8% at x=0.00 to 14% at x=0.05. �This
quantity is plotted as 
R in Fig. 12, and is defined in the
figure caption�. At x�0.05 the simple correlation between
the two quantities plotted in Fig. 12 no longer holds, no
doubt due to the change in the transport mechanism, as pre-
viously discussed, i.e., the simple metallic behavior is lost
and a straightforward connection between conductivity and
total DOS at EF can no longer be made.

Examining Fig. 10�f� further, it is clear that two other MR
contributions can be observed. At the lowest temperatures, a

FIG. 10. Temperature dependence of the zero field �solid points�
and 90 kOe �open points� resistivity �left panel� and the 90 kOe
magnetoresistance ratio �right panel� for x=0.000, 0.025, 0.050,
0.150, and 0.300. The magnetoresistance ratio is defined as ���H�
−��0�� /��0�.
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conventional positive MR is observed, as is typically the
case in metals. At temperatures intermediate between helium
and TC, a negative MR is observed. This is due to the usual
field-induced suppression of electron-magnon scattering in
FM metals66 and provides us with a useful probe of the con-

duction electron spin polarization.35 These two MR contribu-
tions, and their doping dependence, will now be discussed in
turn.

As shown in Figs. 10�f� to 10�j� the low-temperature posi-
tive MR is rapidly suppressed upon doping. At x=0.00, this
MR contribution dominates below approximately 25 K, di-
verging as T→0. We interpret this as being due to the con-
ventional positive MR effect usually observed in metals at
low T. Such MR is sensitive to the carrier mobility, naturally
explaining the drastic reduction in low T positive MR as the
doping increases, the conductivity falls, and the MIT is ap-
proached.

The final mechanism contributing to the x=0.00 MR�T�
�Fig. 10�f�� is the field-induced suppression of electron-
magnon scattering, as is usually found in FM metals.66 This
contribution dominates the x=0.00 MR at 20 K�T
�115 K. In this mechanism large applied fields suppress the
excitation of magnons, eliminating electron- �one-67–69� mag-
non spin-flip scattering processes and enhancing the conduc-
tivity, i.e., a negative MR occurs. At low temperatures, few
magnons are excited and the negative MR is therefore small.
As the temperature approaches TC, the ferromagnetism is lost
and the effect again disappears. At intermediate temperatures
��TC /2�, however, the negative MR from the field-induced
suppression of electron-magnon scattering is maximized, and
dominates MR�T�. As shown in Figs. 10�f� to 10�j� this
electron-magnon contribution to the MR evolves in an inter-
esting way with increasing doping. This is illustrated more
clearly in Fig. 13, which plots the 90 kOe MR at T=TC /2
from x=0.00 to 0.30. The magnitude of the negative MR
decreases rapidly with increasing x, reaching zero at x
�0.07. This is further strong evidence for increasing spin
polarization with Fe doping. In a system with 100% spin
polarization spin-flip scattering events are completely sup-
pressed due to the absence of available minority spin states
to scatter into. The negative MR due to field suppression of
electron-magnon scattering therefore disappears with in-
creasing spin polarization. It is important to point out that
our negative MR vanishes near x�0.07, consistent with the
data of Fig. 6, which show that x=0.07 is the point at which

FIG. 11. Magnetic field dependence of the MR ratio �see previ-
ous caption for a definition� for �a� x=0.00, �b� x=0.05, and �c�
x=0.30. In each case the data were taken at three representative
temperatures; the lowest temperature �5 K�, high temperature �200
or 300 K�, and close to TC.

FIG. 12. Fe doping dependence of the increase in resistivity that
occurs on cooling through TC �
R, solid points� and the 90 kOe
MR ratio at TC �open points�. �
R is defined as the difference be-
tween the linear extrapolation of the high temperature �T�TC� re-
sistivity and the measured zero field resistivity at the peak. The
percentage value is calculated by the difference over the linear ex-
trapolation value.�

FIG. 13. Fe doping dependence of the 90 kOe MR at TC /2. This
temperature was chosen as representative of the region where the
negative MR dominates.
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the system attains a magnetization of 1.0 �B/Co, consistent
with entry into a half-metallic state. The overall situation is
quite analogous to that observed by Watts et al. in CrO2,70

where a crossover from positive to negative MR occurs with
increasing T, the crossover temperature coinciding with the
point at which spin-flip scattering becomes evident in ��T�.
Note that the small positive MR at x�0.1 in Fig. 13 is likely
due to a small contribution from the large positive peak in
MR�T� that is centered on TC �see Fig. 10�i��.

3. Anisotropic magnetoresistance (AMR)

Another probe of the conduction electron spin polariza-
tion is provided by the AMR, which is defined as

AMR =
�� − ��

�0
, �4�

where �� and �� are the respective resistivities with the cur-
rent parallel and perpendicular to the magnetization, and �0
is the zero field resistivity. The doping dependence of this
AMR is shown in Fig. 14. At x=0.00 a negative AMR is
observed with a magnitude ��1.0% � typical for conven-
tional ferromagnetic metals.71 Higher doped samples exhibit
positive AMR, indicating a sign change between x=0.00 and
0.03. Although the AMR of ferromagnetic metals is notori-
ously difficult to treat theoretically, several theories have
been developed. Most notably, the comprehensive work by
Potter and McGuire71 points out that the sign of the AMR is
controlled by the sign of the spin polarization, i.e., FMs
where the conduction is dominated by minority spin elec-
trons should have AMR�0 ������� and systems dominated
by majority spin electrons should have AMR�0 ��� ����.
Within this framework, the data of Fig. 14 can be simply
interpreted as a sign change in P �from negative to positive�
as x increases from x=0.00 to 0.03. In other words, the spin
polarization apparently changes sign from negative to posi-
tive prior to attaining large positive values at x�0.07. This
result is completely consistent with our band structure
calculations;35 CoS2 was predicted to be a minority spin FM,
crossing over to a majority spin FM with Fe doping, eventu-
ally attaining P=100% at x=0.25. Theory and experiment
are therefore in qualitative agreement, although the exact x

value for the sign change in P and the onset of high positive
P are in disagreement. This will be discussed later. As a final
comment on these data, note that the inability of PCAR to
determine the sign of the spin polarization makes the sensi-
tivity of the AMR to the sign of P all the more valuable.

C. Heat capacity

In order to probe the thermodynamic properties as a func-
tion of the spin polarization, we measured the temperature
dependence of the specific heat �Cp� as a function of Fe
doping. These measurements should provide important infor-
mation on the evolution of the electronic and magnetic con-
tributions to the heat capacity with Fe doping, and therefore
spin polarization. Figure 15 shows the zero field Cp�T� of
Co1−xFexS2 �x=0.00, 0.05, 0.10, and 0.30� from 1.8 to
200 K. Following the standard analysis of the heat capacity
of FM materials, electronic, lattice, and magnetic contribu-
tions must be taken into account. At low temperatures, based
on the free electron gas and Debye model, Cp can be ex-
pressed as

CP�T� =
�2

3
kB

2TN�EF� + 234	 T

�D

3

nkB + Cp
mag�T� , �5�

where kB, N�EF�, �D, and n are the Boltzmann constant, the
total DOS at EF, the Debye temperature, and the number
density of ions, respectively. In our case, the magnetic con-
tribution was found to be significant only near TC, as dis-
cussed below. Following Eq. �5�, Cp /T was plotted versus T2

�see inset to Fig. 15 for two examples at x=0.05 and 0.30� to
extract N�EF� and �D. Note that straight-line behavior is
observed in both cases �at T�60 K�, implying that no sig-
nificant low temperature magnetic contribution is required to
fit the data, i.e., there is no visible T3/2 contribution from
magnon excitations.72 In order to shed further light on this
issue we made an estimate of the expected value for  using
the spin wave stiffness, D=110 meV Å2, previously mea-
sured for undoped CoS2 by neutron scattering.73 Using
simple relations for cubic systems, we obtain 
=0.88 mJ/mole K−5/2, considerably larger than our expected
detection limit. Moreover, by remeasuring the heat capacity

FIG. 14. Fe doping dependence of the AMR ratio �defined in the
text� at T=5 K and H=80 kOe.

FIG. 15. Temperature dependence of the �zero magnetic field�
specific heat at x=0.00, 0.05, 0.10, and 0.30. Inset: Cp /T vs T2 for
x=0.05 and 0.30. The solid lines are linear fits.
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in a large magnetic field of 90 kOe we should be able to
suppress any low-temperature magnon contribution to the
heat capacity. The measurements revealed a reduction in heat
capacity of at most 6% at 1.8 K, compared to an anticipated
decrease of about 15% using the expected  value and as-
suming 90 kOe is sufficient to completely suppress magnon
excitation at these temperatures. In summary, although we
can provide no obvious explanation, it is intriguing that these
highly polarized ferromagnets apparently show no heat ca-
pacity contribution from magnons.

As shown in Fig. 9�c�, the DOS at EF extracted from
Cp�T� decreases with increasing doping level, in quite rea-
sonable agreement with the results of our band structure cal-
culations. These data are consistent with Figs. 8, 9�a�, and
9�b�, showing a decrease in conductivity and crossover to a
semiconducting-like ��T� with increasing doping. The Debye
temperatures extracted from the low-temperature Cp�T� ver-
sus T2 curves vary only weakly with doping, as expected,
having values in the range 480 K to 500 K. The weak ob-
served increase in Debye temperature with increasing x can
be accounted for by the increase in melting point.

At higher temperatures �above 60 K�, obvious magnetic
contributions to the heat capacity occur, most notably the
large “lambda” anomalies occurring near TC. We fitted the
Cp�T� curves from 5 to 200 K using Eq. �5�, in order to
separate the magnetic contributions near TC from the lattice
and electronic contributions. Consistent with the findings
mentioned above, we did not include any low-temperature
magnon contribution. In this fitting procedure we used the
electronic contribution previously determined from the Cp
versus T2 curves at low T, and allowed �D to vary. The
Debye temperatures obtained in this manner are within 2 K
of those obtained from low-temperature fitting. The magnetic
contributions to CP�T� in Co1−xFexS2 �x=0.000, 0.025, 0.050,
0.075, 0.100, 0.150, and 0.300� are shown in Fig. 16. The
peak in the magnetic contribution to the heat capacity is
pushed to higher temperatures with increasing doping �due to
the increase in TC�, and becomes increasingly smaller in
magnitude. The decrease in peak size is presumably due to
the FM-paramagnet transition becoming increasingly more

second-order with doping. As mentioned previously, it is
known that undoped CoS2 lies close to the tricritical point
separating first and second order magnetic transitions, and
that Fe doping moves the system away from this special
point.

D. Point contact Andréev reflection (PCAR)

PCAR measurements were employed as a more direct
measure of the conduction electron spin polarization. Figure
17 shows the conductance G �normalized to the normal state
value� versus the applied voltage V �normalized to the super-
conducting gap voltage� for Co1−xFexS2 samples with x
=0.00, 0.09, 0.15, and 0.30. Note that results were obtained
with two different tip materials �Pb and NbN� and in each
case multiple contacts were measured on the same sample. A
modified version of the BTK model61 was used to analyze
the experimental G�V� curves and extract P.60 The interfacial
scattering is modeled via a delta function potential at the
interface with a dimensionless height Z.60,61 All the curves
can be fitted very well using three adjustable parameters: the
spin polarization, the superconducting gap value, and the in-
terfacial scattering strength Z. The lines in the figure are the
results of the fits. �The fitting parameters are provided in the
figure caption.� Even before any model-dependent fitting it is
clear from the extent of the subgap conductance suppression
that P increases rapidly with increasing doping. At x=0.15
the normalized conductance at zero bias reaches a value of
only 0.33, corresponding to 84% spin polarization within the
simplest Andréev reflection treatment.14 The more complete
fitting procedure described above results in a value of 85%.
This fitting was applied to numerous point contacts and the
extracted P values are plotted as a function of the Z value for
the particular contact in Fig. 18. The P values decrease with
increasing Z, as observed previously for PCAR measure-

FIG. 16. Temperature dependence of the magnetic contribution
to the zero magnetic field specific heat �
Cp� at x=0.000, 0.025,
0.050, 0.075, 0.100, 0.150, and 0.300. The subtraction of other con-
tributions is discussed in the text.

FIG. 17. PCAR conductance voltage curves for x=0.00, 0.09,
0.15, and 0.30 at 4.2 K in zero magnetic field. The conductance is
normalized to the normal state value �at a voltage of +4.0 V /
�,
while the voltage is normalized to the superconducting gap voltage.
The solid lines are fits to the model described in the text with fitting
parameters; x=0.00, P=57%, Z=0.00; x=0.09, P=56%, Z=0.08;
x=0.15, P=80%, Z=0.28; x=0.30, P=73%, Z=0.09. The P values
cited in the table in the lower right corner of the figure are the Z
=0 extrapolations.

L. WANG et al. PHYSICAL REVIEW B 73, 144402 �2006�

144402-10



ments on other highly polarized ferromagnets.15,18 Although
the exact mechanism for this decrease in P with increasing Z
is not known �it does not occur in the planar geometry, where
CrO2 has been demonstrated to have P=100% independent
of Z�,29 extrapolation to Z=0 is thought to yield the intrinsic
P value. �For the case of the CrO2 PCAR measurements the
Z=0 extrapolation15 agrees very well with the planar An-
dréev and Meservey-Tedrow data,29 further evidence that this
approach is valid�. In our case the Z→0 extrapolations vary
only slightly from the P values extracted from the G�V�
curves at the smallest Z measured.

Figure 19 compares the Fe doping dependence of the Z
→0 extrapolation of P with the results of our band structure
calculations. The experimental values �Fig. 19�b�� show a
relatively weak doping dependence up to x=0.07 at which
point the spin polarization increases rapidly, reaching a

maximum of 85% at x=0.15. As x is increased further the
spin polarization falls. Figure 19�a� shows the theoretical re-
sult from our band structure calculations. Note that, to allow
a more direct comparison with experiment, the magnitude of
the theoretical spin polarization is plotted, the PCAR mea-
surement being insensitive to the sign of P. The first two
doping values plotted on Figure 19�a�, actually have negative
P �minority spin�. The decrease in magnitude with initial
doping, followed by the sharp increase at x=0.07, therefore
reflect the sign change in P. It is important to recall that our
AMR measurements, which we believe are sensitive to the
sign of P, suggest that the undoped x=0.00 sample has nega-
tive P. The overall agreement between experiment and
theory is therefore quite reasonable; theory predicts a polar-
ization of −75% at x=0.00, crossing zero at x=0.07 and
achieving P=100% at x=0.25. Our experimental value is
−57% at x=0.00, crossing zero around x=0.03 and achieving
P=85% at x=0.15. Note that the point at which the experi-
mental spin polarization values begin to increase sharply and
a highly polarized state is entered �x=0.07�, correlates very
well with the point at which a saturation magnetization of
1.0 �B/Co ion is achieved �x=0.07� and the spin-flip scat-
tering contribution to the high field MR vanishes �x=0.07�.
Together with the PCAR data these results must be taken as
strong evidence for the existence of very highly spin-
polarized conduction electrons in this composition range.

At this stage, it is important to contrast our results to those
of Cheng et al. on single crystal Co1−xFexS2.58 In that work
unexpectedly low spin polarizations ��61% � were observed,
with a very weak dependence on doping. As pointed out by
the authors of that study the samples investigated exhibited S
deficiency of up to 10% as well as significant Te impurities.
Given the large spin polarizations we have observed in poly-
crystalline Co1−xFexS2 in the absence of any S deficiency and
the strong dependence on Fe doping, it is likely that the
lower spin polarization observed in the prior work arose due
to S deficiency. �Although it is not completely clear why S
deficiency has a negative impact on P, we can make the
general statement that when EF lies so close to the bottom of
the conduction band, small changes in band structure could
have a significant influence on P.� We believe that the S
diffusion coefficient will be much larger in our samples as it
is known that grain boundary diffusion is orders of magni-
tude faster than the conventional substitutional
mechanisms.74 It is therefore easier to avoid S deficiency in
polycrystalline materials or thin films, than in bulk single
crystals. As discussed below, we have, however, been able to
fabricate stoichiometric single crystals by a variant of the
standard vapor transport process. The results will be pub-
lished elsewhere.75

Despite the overall qualitative agreement between theory
and experiment, and the demonstration of compositionally
tunable high spin polarization, notable discrepancies between
theory and experiment do exist. The absence of the initial
decrease in the experimental P�x� curve, the saturation of P
at �100% �i.e., the absence of truly half-metallic behavior�
and the disagreement with theory on the x values for the sign
reversal in P and the attainment of large P values, are all
problematic. There are a number of possible sources of dis-

FIG. 18. Dependence of the spin polarization on the interfacial
barrier strength parameter Z, for x=0.06, 0.15, and 0.30. The lines
are guides to the eye. T=4.2 K.

FIG. 19. Fe doping dependence of �a� the magnitude of the spin
polarization from the band structure calculations, and �b� the spin
polarization extracted from PCAR in the Z=0 limit. T=4.2 K. The
solid vertical line denotes the point at which the theoretical polar-
ization changes sign.
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crepancy. First and foremost, as detailed in Sec. I, there are
several definitions of spin polarization, depending on the
specific situation.7 The theoretical data of Fig. 19�a� show
the calculated DOS spin polarization using the definition in
Eq. �1�. However, the PCAR measurements probe the polar-
ization of a current, with the definition given in Eq. �3� being
the relevant one.7 It is therefore clear that our experimental
data are only directly comparable to the calculations in the
case where the spin dependence of the Fermi velocity is
small. This is likely the source of the discrepancies between
theory and experiment at low x values. In particular, we do
not observe P values close to zero near x=0.05, which can
be attributed to the spin dependence of the Fermi velocity.76

Second, all of our characterization data are consistent with
the samples having a random distribution of Co and Fe at-
oms. This is in contrast to the band structure calculations,
which require the use of supercells, and therefore model or-
dered alloys. The work of Mazin38 suggests that this is not in
fact a significant source of error, as the virtual crystal ap-
proximation and the supercell approach give similar results.
Another factor that should be considered is the limitations of
the PCAR technique, which suffers from the disadvantage of
the use of a poorly characterized interface between tip and
sample. Finally, it is possible that the measured spin polar-
ization being less than 100% is due to deficiencies with the
structural quality of the samples. We used extreme caution to
ensure that S deficiency was avoided and it is in fact possible
that excess S is present, either at the grain boundaries and/or
surface, or as S interstitials. Either of these could reduce the
spin polarization. The samples used in this study are also
polycrystalline and it is unclear what effect the presence of
grain boundaries will have on the measured spin polariza-
tions. Stoichiometric single crystals of high structural perfec-
tion are currently being grown in our laboratory by a variant
of the standard vapor transport method. Future work will
involve a full investigation of the effect of S stoichiometry
on the spin polarization, transport, and magnetic properties
of Co1−xFexS2 single crystals.

IV. SUMMARY AND CONCLUSIONS

In summary, we have demonstrated the feasibility of a
simple scheme for engineering high spin polarization in
Co1−xFexS2 by alloy control of the position of the Fermi
level. A combination of indirect probes such as the saturation
magnetization, anisotropic magnetoresistance, and the spin-
flip scattering contribution to the magnetoresistance, along
with direct measurement by point contact Andréev reflection
and theoretical band structure calculations, have provided a
consistent picture in which the spin polarization can be tuned
in the range −57% � P�85%. The evolution of the mag-
netic, transport, and thermodynamic properties with Fe dop-
ing �and therefore spin polarization� have been investigated
in detail. The transport properties in particular are rather ex-
otic, with many features that can be interpreted in terms of
the spin-dependent band structure of the material. The dem-
onstration of compositionally tunable spin polarizations of-
fers great opportunities for fundamental investigation of het-
erostructured spintronic devices and is planned for future
work. Although the work presented here deals with a mate-
rial with a Curie temperature of only 150 K, ruling out room
temperature applications, it does demonstrate the feasibility
of Fermi level control as a general means to tune spin polar-
ization in ferromagnetic alloys. It will be interesting to see if
other material combinations �with higher Curie tempera-
tures� can be identified as possible candidates for this ap-
proach.
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