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We report on a positive colossal magnetoresistance (MR) induced by metallization of FeSb,, a nearly
magnetic or “Kondo” semiconductor with 3d ions. We discuss the contribution of orbital MR and quantum
interference to the enhanced magnetic field response of electrical resistivity.
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There is at present considerable technological interest in
the magnetoresistive effect that is central to the operation of
devices in magnetic storage media and a wide variety of
magnetic sensors. The desire to maximize this effect has
raised interest in new materials and mechanisms associated
with the large change in electrical resistance in magnetic
field.! FeSb, is a narrow gap semiconductor whose magnetic
properties strongly resemble nearly magnetic or “Kondo” in-
sulator FeSi.>® The ab initio local density approximation
plus U electronic calculations found that the ground state of
FeSb, is nearly ferromagnetic.* Temperature induced para-
magnetic moment for field applied parallel to b axis coin-
cides with increased conduction at high temperatures.>3>
Electrical transport measurements showed pronounced aniso-
tropy and metallic conductivity above 40 K, and activated
below that temperature for current applied along the b axis.
The exact temperature of metal-semiconductor crossover was
found to be very sensitive to small current misalignment,
implying a quasi-one-dimensional nature of electronic
transport.> Optical conductivity revealed anisotropic energy
gap E, in the spectral range between 100 and 350 cm™! and
negligible Drude weight of o(w) at low frequencies, i.e., a
true insulating state. In addition, a full recovery of spectral
weight occurs only above 1 eV, suggesting a contribution of
larger energy scales than in conventional metal-insulator
transitions where thermal excitations of charge carriers
through E, brings about redistribution of the spectral weight
just above the gap.® Metal-insulator transitions in FeSi have
been induced by band narrowing’ or by insertion of carriers,
albeit with modest magnetoresistance. Unlike Fe;_,Co,Si,
colossal magnetoresistance (CMR) is observed for all
x=<0.4 in Fe,_,Co,Sb,.

Fe;_,Co,Sb, single crystals were grown from excess Sb
flux.? X-ray powder diffraction experiments and crystal ori-
entation were performed at the beamlines X7A and X22C of
the NSLS at the Brookhaven National Laboratory. Electrical
transport and transverse magnetoresistance (MR) measure-
ments were carried out in Quantum Design MPMS and
PPMS instruments. For Hall resistivity p,,, the current was

applied along the highly conducting b axis and the voltage
was picked up in the orthogonal (Hall) [101] direction. To
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completely cancel out the longitudinal voltage contribution,
magnetic field was swept from H=9 T to H=-9 T, and one-
half of the voltage difference was taken as the Hall voltage.
The high field transverse MR measurements were carried out
at the NHMFL in Tallahassee, FL up to 300 kOe. The pow-
der x-ray patterns show that the Co substitution on the Fe site
uniformly contracts the unit cell volume, in agreement with
Vegard’s law.> The Mossbauer data indicate that there is no
localized magnetism on the Fe site and no visible subspec-
trum of impurities.

The application of a magnetic field of 90 kOe induces up
to 2.5 orders of magnitude change in the resistivity in
Fe;_,Co,Sb, (x=0-0.4) and 30% of MR at room tempera-
ture for x=0.1 (Fig. 1). This is comparable to MR in the
colossal magnetoresistive manganites.” What could be the
most likely cause of CMR in this system? The mechanism
could involve a presence of charge carriers from different
parts of the Fermi surface that have different scattering times
or a breakdown of the semiclassical transport theory and re-
lation between conductivity and scattering time p~ 1/ 7.1

Hall resistivity is shown as a nonlinear function of mag-
netic field in Fig. 2(b). The pronounced field dependence of
Hall constant is reminiscent of the anomalous Hall effect.
When there are magnetic moments involved, the Hall resis-
tivity can be written as!!

po(H) = RyH + RM(H),

where R, and R, are the normal and spontaneous Hall con-
stants, and M is the sample magnetization. Fitting p,, data by
using the experimental values of M(H) [Fig. 2(a)], we found
that the anomalous Hall effect is an unlikely cause of Hall
resistivity nonlinearity. The nonlinearity of Hall resistivity in
field and band structure calculations* suggests that there are
more than one band participating in the conduction (Fig. 3).

In what follows, we discuss the case when there are more
than one type of carrier participating in the conduction. The
Hall constant takes the general form'2

_l 2o
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FIG. 1. (a) Electrical transport properties of Fe;_Co,Sb, dra-
matically change with a small change in shoichiometry. The sample
with x=0.1 manifests the lowest resistivity. With further Co substi-
tution, we see a gradual increase in residual resistivity. (b) Tempera-
ture  dependence  of  magnetoresistance  MR=[p(90 kOe)
-p(0)]/p(0) in doped Fe;_,Co,Sb, semiconductor alloys for
x=0-0.4. CMR is observed for all x. (c) Resistivity isotherms of
Fe(9Coq 1Sb, up to 350 kOe. Resistivity increases 3 orders of mag-
nitude (103 100%) at 1.8 K.
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where ¢’ and o’ are longitudinal and Hall conductivities of
individual bands, and u; is the band mobility. A matrix for-
malism for the Hall effect in multicarrier semiconductor sys-
tems was devised and provided a closed form formula for

two- or three-carrier systems.'>!* The magnetoresistance
within the same formalism for a two-carrier system is

CYDI'I2

a2+,82H2 _
"1+ BpH*’

Ru=poy g

D

@ =i+ fopa, Ba=(fiin + fom) i o,

Bs=PBp=(fim2 +f2,U~1)2, ap=fifa(u — ,U«z)z,

and for three-carrier systems,
aH + Bsz + '}/2H4

R, = ,
H=PO B H + yiH

_ (ar+ v H*
"1+ (Br+ S;HHH?

T

ay = fiu + oo + f3ps,

B = (3 + 13) + Fama(ut + m3) + Faps(uf + 13),
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FIG. 2. Hall resistivity versus magnetic field. Solid lines are the
fits when magnetization M is taken into account.

Bs=Br=(fim, "‘fz,lh)2 + (fams +f3#2)2 +(fius +f3M1)2
+2(f1f2145 + Fof st + fif3443).

Vo= (fiiats + fopi iz + fap o) i o i3,
3= 0r= (f1iaps + foti 3 + f3pti )
ar=fifa(p = 1) + fif3(ms — 13)> + fof3 (s — w3)?,
Br= (12 + for)” + (Fpe + f113)” + (Fops + f3102)°,

yr=Fifap = m2)? 13 + Fifs(i — )3 + fof s(pa = a)* s

where p, is the zero field resistivity, u; is the mobility of the
ith carrier, and f;=|n;u;|/ =|n;u;| is the f factor, with n; as the
carrier concentration, as defined in Ref. 13. The agreement
with our experimental values of Ry was excellent as the solid
lines shown in Fig. 3. FeSb, can be described well by a
two-carrier model. Fe;_,Co,Sb, is best described within a
three-carrier model since a two-carrier model cannot explain
minima and maxima in Ry=p,,/H; therefore, only three-
carrier fits are shown in Figs. 3(b)-3(d). Using the obtained
fitting parameters for the Hall constant, we can now solve
numerically for mobilities of individual carriers and MR. We
show the result in Fig. 4: The calculated orbital MR is ap-
proximately 4 orders of magnitude smaller than the observed
MR for all x. This suggests that the conventional orbital
mechanism cannot account for the large magnetoresistance
in Fe;_,Co,Sb,. A similar shape of calculated and measured
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FIG. 3. (a) Hall constant R;=p,,/H of FeSb, is well described by a two-carrier model. [(b)-(d)] For Fe,_,Co,Sb, (0.1 <x<0.4), the fits
of the two carrier model to experimental data are rather unsatisfactory since it cannot account for maxima and minima in Ry(H). Co
substitution in Fe;_,Co,Sb, fills energy bands that are not involved in thermal excitation of carriers across the gap in FeSb,. Ry shows an
excellent agreement with the three-carrier model for all x; selected data are shown for clarity. Solid lines are fits to the multicarrier model.

MR, taken together with Fig. 3, argues in favor of the valid-
ity of the multiband electronic transport. In what follows, we
show that the experimental MR is amplified by quantum in-
terference effects.

Disordered metallic Fe;_,Co,Sb, alloys are derived from
an insulator with strong correlation effects.* Therefore, a
possible mechanism for enhanced positive MR could involve
change of electronic structure induced by Co and quantum
interference effects through the contribution of electron-
electron interaction enhanced by disorder.!>!® Figure 5(a)
shows qualitatively that the contribution of Coulomb inter-
action in the presence of random impurity scattering may be

X=—0—0-—20-01-—2-02—~--03—<—04

10°

MR%
2

FIG. 4. Magnetoresistance calculated according to the multicar-
rier model for Fe;_ Co,Sb, in 90 kOe shown in the low plot as
linked symbols, compared to the observed MR shown as the scat-
tered symbols.
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FIG. 5. (a) Magnetoconductivity of Fe;_,Co,Sb,. Conductivity
change Ac=0(H,T)-0(H,0), with o(H,0) determined from fits of
data to a T"? dependence at H=90 kOe. (b) Quasi-1D weak local-
ization fits to MR at T=1.8 K for Fe,_,Co,Sb,. Data for x=0 are
shown at 7=100 K in the metallic quasi-1D regime of the b-axis
conductivity.
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TABLE 1. Parameters of the fits to quantum correction of mag-
netoresistance. aF is the proportional parameter in the Coulomb
interaction contribution. Ly is the phase coherence length, b is the
1D conduction channel width, and c is the coefficient of the classi-
cal quadratic term.

Ly b
X aF (nm) (nm) c
0 1.2x107° 162 1.6 0.001
0.1 6.2x1077 1463 0.2 0.055
0.2 5.1x107° 534 2.8 0.004
0.3 7.3%107° 188 4.0 0.002
0.4 9.9%x107° 128 5.1 0.001

important. More information is obtained from the magnetic
field dependence of positive MR isotherms taken at 1.8 K
[shown in Fig. 5(b)]. In the limit of strong spin-orbit scatter-
ing, the correction to quadratic MR along the high conduc-
tivity axis in Fe;_,Co,Sb, is expressed by

MR = 1/py0.77aF (g uplkp) " *H"?

2 272\ -1/2
L L2
‘i?%y[( +12L4> _1}“ "
B

where L, is the phase coherence length, Lg=\#/2eB is the
magnetic length, b is the width of the quasi-one-dimensional
(quasi-1D) channel, and F is from Hartree interaction. The
first term is the contribution of the Coulomb interaction,!”-!8
and the second term is the contribution of the weak localiza-
tion of quasi-1D model.!*?° Magnetoresistance is positive, as
expected for the case of strong spin-orbit scattering in nearly
magnetic conductors such as Pd and Pt alloys, and also
FeSb,.*?! The fitting parameters are listed in Table I. As we
can see, the contribution of the Coulomb interaction to MR is
of the order of several percent, and the weak localization is
dominant. Two inequalities justify our quasi-1D model: (1)
The fitting parameters satisfy the criterion for the interfer-

PHYSICAL REVIEW B 77, 085212 (2008)

ence correction to be of a 1D character: b<<L; and (2) in a
field of 9 T, the magnetic length Ly is about 6 nm. There-
fore, b <Ly is satisfied; otherwise, the system should behave
as three dimensional. The calculated MR agrees well with
the observed MR. At T=1.8 K, the calculated MR in an
H=90 kOe field is about 34 300% for Fey¢Co, Sb,, as
compared to the observed values of 36 088%. The value
is derived using a measured carrier concentration
n=85x10"cm™ and a residual resistivity py=1.0
X 10_5 Q cm of FeO.9COOAle27 and Lf224OLB The width of
the quasi-1D channel b is of the order of the unit cell.
Quasi-1D localization effects are observed in pure FeSb, at
100 K [Fig. 5(b)]. It implies that the electronic transport is
dominated by the singular corrections at the density of states
at unusually high temperatures, apparently without the usual
cutoff by thermal effects, probably due to the high spin-orbit
scattering rate 1/7s.>! A similar situation has been observed
in Ta,Te,Si at 15 K (Ref. 22) and Si nanowires at 27 K.}

In conclusion, we have shown CMR effect in doped
nearly magnetic semiconductor FeSb,. The application of
magnetic fields up to 350 kOe results in 103 100% increase
in the resistivity at 1.8 K and 124% increase at room tem-
perature. Our results suggest a contribution of multiple elec-
tronic bands to electrical conduction. Quantum interference
arising from Coulomb interactions and weak localization in
the presence of strong spin-orbit scattering is the dominant
mechanism of CMR.
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