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Charge transport in cobalt-doped iron pyrite
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The Hall effect and resistivity of the carrier-doped magnetic semiconductor Fe,_,Co,S, were measured for
0=x=0.16, temperatures between 0.05 and 300 K, and fields of up to 9 T. Our Hall data indicate electron
charge carriers with a density of only 10—30 % of the Co density of our crystals. The charge-carrier transport
is dominated by a Kondo-like anomaly below 20 K for x less than that required to form a long-range magnetic
state, x.. For x> x,, the resistivity and magnetoresistance resemble that of a spin glass with a reduction in the
resistivity by as much as 35% in 5 T fields. Although the product of the Fermi wave vector and the mean-free
path, kx€, varies between 1.5 and 15 over the range of x investigated, we observe no indication of quantum
corrections to the resistivity, p, as p is dominated by the Kondo and spin glasslike anomalies down to very low
temperature. Despite the previous identification of magnetic Griffiths phase formation in the magnetic and
thermodynamic properties of this system for the same range of x, we measure a saturating resistivity below 0.5
K indicating Fermi liquidlike transport. We also observe an enhancement of the residual resistivity ratio by
almost a factor of 2 for samples with x ~ x,. indicating temperature-dependent scattering mechanisms beyond
simple carrier-phonon scattering. We speculate that this enhancement is due to charge carrier scattering from

magnetic fluctuations which contribute to the resistivity over a wide temperature range.
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I. INTRODUCTION AND MOTIVATION

Magnetic semiconductors have been of great recent inter-
est because of their promise as sources of polarized currents
for spintronics applications.!? Typically transition-metal at-
oms are substituted into paramagnetic insulators to create
semiconducting or metallic ferromagnetic phases.>® The
substitution level required to nucleate ferromagnetism is usu-
ally a few percent so that the doping-induced disorder can be
significant while carrier densities remain well below that of
prototypical metals. These systems are clearly distinct from
the well-studied paramagnetic semiconductors and the metal-
lic or insulating magnets because they exhibit a combination
of metal-insulator transition physics with the emergence of
magnetism. The charge transport is characterized by short
mean-free paths, €, and associated high resistivities, however
the low-temperature, 7, transport properties can reveal be-
havior quite different from that of simple semiconducting
systems.”"!! Recent discoveries include enormous anomalous
Hall effects and non-Fermi-liquid (NFL) transport.®!>~13

At the same time, there has been enormous interest!6-22
over the past decade in systems that can be tuned via pres-
sure, magnetic field, or composition, to be in proximity to
zero-temperature phase transitions, or quantum critical
points, QCP. This interest stems from the NFL behavior com-
monly found!®->* in metals near QCP’s. Many of the systems
investigated, particularly those that are tuned by way of
chemical substitution, are significantly disordered and the
role of the disorder in determining the physical properties is
not well understood.>>>% Recent theoretical work?*=3" has
focused on the emergence of Griffiths phases in disordered
materials where statistically rare regions of order, or disor-
der, can dominate the thermodynamic response. This appears
particularly relevant near zero-7T phase transitions where the
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formation of Griffiths phases in disordered metals is thought
to be the cause of the NFL behavior observed over wide
regions of composition, 7, and magnetic field.

In a previous paper’! we presented, and in the accompa-
nying article’> expand upon, the magnetic and thermody-
namic properties of the magnetic semiconductor Fe;_,Co,S,
that displays features consistent with the formation of Grif-
fiths phases.?®?® We have demonstrated the formation of
clusters of magnetic moments both at low 7”s for x less than
X, the critical concentration for a long-ranged magnetic
ground state, as well as above the critical temperature, 7T, for
x>x. In the T range where these clusters form we find
power-law T and magnetic field, H, dependencies with small
exponents in agreement with that predicted for Griffiths
phases.?®??

Here, we explore the transport properties of Fe,_,Co,S, in
detail, and search for consequences of Griffiths phase forma-
tion and the emergence of long-ranged ferromagnetism, on
the carrier transport. We find that Co substitution induces
metallic behavior with a small density of electron-type car-
riers in all of our Co-doped crystals, including our most
lightly doped (x=3 X 107%). For samples with x=x, the re-
sistivity, p, and magnetoresistance, MR, are consistent with
Kondo scattering of the carriers.’3>3% As we increase x be-
yond x,. we find that magnetic ordering produces an increas-
ing p(T) up to temperatures somewhat above T,, similar to
what is observed in metallic spin glasses.>* The application
of a magnetic field of 5 T dramatically reduces the resistivity
of these samples by up to 35% at low temperatures. In this
way the system resembles common metals with magnetic
impurities with Kondo and spin glasslike anomalies.*®3 This
behavior emphasizes the interaction between the conduction
electrons and the local magnetic moments associated with
the Co dopants. As is true of nearly all metals that display
Kondo anomalies, the resistivity of our Fe;_.Co,S, crystals
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displays Fermi liquid behavior with a saturating p at tem-
peratures well below the Kondo temperature, 7°.3438:40

However, there is an important difference between our
crystals and common Kondo systems in that Fe,_,Co,S, is a
semiconductor with a small density of charge carriers and
poor conduction in the range of x that we investigate. A
typical figure of merit for transport in disordered metals and
semiconductors is k€, where kj is the Fermi wave vector of
the charge carriers, and here k;{ is between 1.5 and 15, a
range typical of doped semiconductors in proximity to
insulator-to-metal (IM) transitions. We observe none of the
standard quantum contributions to the conductivity”? that are
expected in disordered Fermi liquids, instead finding that the
Kondo and spin glass anomalies dominate the transport.
These provide a negative MR at all fields and 7°s that we
probe and a saturating resistivity at 7<<500 mK despite the
small values of k€ that we infer.

There are several other peculiarities that we observe in
our samples with Co concentrations closest to the critical
concentration for the nucleation of a finite-temperature long-
range magnetic phase. First, we have measured a very large
anomalous Hall coefficient, Ry, for samples with x near x,
with Ry becoming much smaller as x is increased. The mag-
nitude of Ry does not appear to scale with the resistivity of
our samples in the manner predicted by the accepted
models*'~* of the anomalous Hall effect. In addition, we
observe a residual resistivity ratio, RRR, defined as the ratio
of p at 300 and 4 K, that is nearly 2 for all samples except
those with x near x., where it is almost twice as large. This
indicates that there is an additional 7-dependent scattering
mechanism beyond the typical phonon-induced carrier scat-
tering of common metals.*** We demonstrate that a simple
AT® dependence with a~ 1.5, describes p(T) well over a
large T range. The success of this simple form in modeling
our data suggests that magnetic fluctuation scattering may be
important over a wide T range for samples in proximity to a
zero-temperature phase transition,6:19-20-22.23:46-48

The purpose of this paper is to present an exploration of
the low T transport properties of a ferromagnetic semicon-
ductor that displays the hallmarks of Griffiths phase forma-
tion and to highlight the differences with prototypical semi-
conducting systems. We provide a fuller rendering of our
Hall effect, resistivity, and magnetoresistance data and analy-
sis than that published previously.?! This paper is organized
as follows: we outline some of the important experimental
details of the sample preparation, the initial characterization,
and the measurement techniques in Sec. II. This is followed
by a presentation of our Hall effect data and analysis in Sec.
IITA. The resistivity and magnetoresistance of our
Fe,_,Co,S, crystals is presented in Sec. III B. Finally we
summarize our results in Sec. IV.

II. EXPERIMENTAL DETAILS

Single crystals of Fe,_,Co,S, were synthesized from high-
purity starting materials, including Fe powder (Alfa Aesar
99.998%), Co powder (Alfa Aesar 99.998%), and sulfur
(Alfa Aesar 99.999%) as described previously.?!*? Initial
characterization included single crystal x-ray diffraction as
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described in Refs. 31 and 32. The lattice constant determined
by the x-ray diffraction experiments®? showed a systematic
increase with Co concentration, x, in Fe,_.Co,S,, beyond the
lattice constant for pure FeS,, a=0.54165 nm, and consis-
tent with the measurements of Ref. 49. The increase in lattice
constant with x is consistent with Vegard’s law and the idea
that Co replaces Fe within the pyrite crystal structure.
Energy-dispersive x-ray microanalysis (EDX) on a JEOL
scanning electron microscope equipped with a Kevex Si(Li)
detector was performed to check the stoichiometry of our
samples which were found to be consistent with the magnetic
moment density determined by our dc magnetization
measurements.’? Because magnetization measurements were
easily performed and highly reproducible, we have subse-
quently used the saturated magnetization to determine the Co
concentration of our samples. Thus, throughout this manu-
script the stoichiometry of the samples noted in the figures
and text was determined in this manner. The variations in the
saturated magnetization for crystals from the same growth
batch were measured to be *=10% of the average value.
Therefore, we report x determined from measurements of M
at high field for the crystals used in each of our measure-
ments. Wherever possible, the same crystal was employed
for several different measurement types, particularly for the
Hall effect and magnetization measurements used to deter-
mine anomalous Hall coefficients. As described in the ac-
companying article, the ac susceptibility was used to estab-
lish the magnetic phase diagram identifying Curie
temperatures, 7., and the critical Co concentration for the
formation of a magnetic ground state, x,=0.007 = 0.002.3"-3
Resistivity, magnetoresistance (MR) and Hall effect mea-
surements were performed on single crystals polished with
emery paper to an average size of 0.5X 1X 0.1 mm?>. Thin
Pt wires were attached to four contacts made with Epotek
conductive silver epoxy. Hall effect measurements were per-
formed at 17 or 19 Hz on samples with carefully aligned
voltage leads in a Quantum Design gas flow cryostat from
1.8 to 300 K. These measurements were done in a supercon-
ducting magnet with fields ranging from —5 to 5 T and the
Hall voltage, Vy, was determined as Vy=[V(H)-V(-H)]/2
to correct for any contamination from the field symmetric
MR due to misalignment of the contacts. The resistivity and
MR measurements were performed at 17 or 19 Hz using
standard lock-in techniques in the Quantum Design gas flow
cryostat with a 5 T superconducting magnet and a dilution
refrigerator equipped with a 9 T superconducting magnet.

III. EXPERIMENTAL RESULTS
A. Hall effect

We begin our discussion of the transport properties of the
charge carriers donated by the Co substitution by presenting
our Hall effect measurements which give us an estimate of
the charge carrier densities in our crystals. In Fig. 1(a) the
Hall resistivity, p,,, is plotted for three representative
samples including our x=0.0007 (at 1.8 K), x=0.007 (at 1.8
and 10 K), and x=0.045 sample at a series of temperatures
between 1.8 and 300 K. All samples display a negative p,,,
indicating n-type carriers, except at low H and temperatures
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FIG. 1. (Color online) Hall resistivity. (a) The Hall resistivity,
Py VS magnetic field, H, at several temperatures, 7, for three rep-
resentative crystals with 7’s and x’s identified in the figure. Note
that the p,, scale for the x=0.045 sample is on the right-hand side
of the figure. (b) pxy/ H plotted as a function of the magnetization,
M, divided by H to highlight the anomalous part of the Hall resis-
tivity. Symbols are the same as in frame a. The line is a fit of a
P/ H=Ry+Rs(4M/H) form to the x=0.045 data at 1.8 K with R,
and Ry fitting parameters taken to be independent of H. Inset: same
as frame b for x=7 X 107 and x=0.007 samples on a smaller scale.
Line is a linear fit, same form as in the main frame of the figure, to
the x=0.007 data at 4 K.

where a positive Hall potential is found for samples with x
=x.. This large positive contribution to p,, at low fields,
demonstrated in the figure for our x=0.007 and x=0.045
samples, is suppressed with 7 so that by warming to 10 K we
again find a negative p,,(H) which is linear in H. The obser-
vation of a low-field positive contribution to p,, is not sur-
prising since magnetic materials typically have two contribu-
tions to their Hall resistivities, an ordinary part due to the
Lorentz force experienced by the carriers proportional to H
and inversely proportional to the carrier density, and an
anomalous part proportional to the sample’s magnetization.
It is common to parameterize p,, as

pxy:R()H+47TMRS (l)

with R, the ordinary Hall coefficient and M the magnetiza-
tion, to highlight these contributions.*'*3 Interest in the
anomalous Hall effect has grown over the past few years
because of the large contribution it makes to p,, in magnetic
semiconductors.>*!134350 The present understanding of the
anomalous Hall effect includes contributions from extrinsic
sources, due to spin-orbit scattering, and intrinsic sources,
from spin-orbit effects inherent in the material’s band
structure.*!*3 These theories predict a strong dependence of
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FIG. 2. (Color online) Temperature dependence of the Hall co-
efficients. (a) The ordinary Hall coefficient, Ry, as a function of
temperature, 7, for five representative crystals with x identified in
the figure. R is determined from fits of the Hall resistivity to the
standard form p,,=RyH+4mMRg where M is the measured magne-
tization and Ry is the anomalous Hall coefficient. (b) Temperature
dependence of Ry for four crystals identified in frame a. Rg deter-
mined with the same procedure as in frame a.

R on the carrier scattering rate such that Rgo pfx for intrinsic
or side jump scattering and Rgxp,, for skew scattering-
dominated transport.*>*3

As is standard practice, we display in Fig. 1(b) the quan-
tity p,,/H as a function of 4wM/H where M is the measured
magnetization of these same crystals. Plotting the data in this
way allows a comparison of our measured p,, with Eq. (1).
In the case where R, is field independent, as it is for a single
carrier band, a linear M/H dependence is often found. Here
we see significant curvature to p,, indicating that there are
either multiband effects in R, or that there is a field depen-
dence to Rg. Field dependent Ry values are observed in ma-
terials having large MRS since the carrier-scattering rates are
field dependent.’' However, an analysis where the field de-
pendence of the scattering rate was included explicitly was
not successful in modeling the M/H dependence of p,,/H
shown in Fig. 1(b). A significant T dependence of Ry is also
apparent for our x=0.045 sample in Fig. 1(b).

The results of parameterizing p,, as in Eq. (1) are shown
in Fig. 2 where R, and Rg are plotted as a function of T for
five samples including the same three samples displayed in
Fig. 1. Rg for our x=0.0007 crystal was omitted from the
figure because p,, is highly linear and the magnetization of
this sample too small to allow an accurate determination. The
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FIG. 3. (Color online) Cobalt concentration dependence of the
Hall coefficients and carrier density. (a) Cobalt concentration, x,
dependence of the anomalous Hall coefficient, Ry at 1.8 K. Ry was
determined from fits of the form p,,=RoH+4mMRg to the Hall
resistivity, p,,, where Ry is the ordinary Hall coefficient. (b) x de-
pendence of R determined from the same fits at 1.8 and 300 K as
identified in frame a. (c) Carrier concentration, ny,; determined
from the simple form for the ordinary Hall coefficient, R,
=1/ng,ec, where e is the electronic charge and c is the speed of
light, at 1.8 and 300 K as identified in frame a. Dashed line repre-
sents the carrier concentration expected if each Co dopant were to
donate a single electron to a conducting band.

T dependence of both Ry and Rg that are apparent in Figs.
1(a) and 1(b) are made quantitative with the use of this
simple form for the Hall resistivity. What is interesting, first,
is the observation of significant temperature dependence of
the Hall coefficients below 10 K where the magnetic suscep-
tibility, specific heat, and, as we demonstrate below, p all
display unusual behavior associated with the magnetic prop-
erties of these materials.>'3? Second, we find very large Ry
values for our samples that are very close to the critical point
for magnetic ordering.

The x dependence of Rg and R, for a large number of
crystals is presented in Fig. 3. Here we demonstrate the very
large values of Ry found near x. along with a continuous
decrease with x beyond x,.. We note that neither the standard
extrinsic nor intrinsic theories of the anomalous Hall coeffi-
cient can explain the x dependence of Rg that we measure
here by way of a scattering-rate variation with x. As we
demonstrate in the discussion of the resistivity below, we
measure a very small variation in p over the range in x where
the large decrease in Ry is apparent in Fig. 3(a). At present,
we do not have an adequate understanding of the very large
values of Ry we measure near x,, although we speculate that
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FIG. 4. (Color online) Resistivity. [(a) and (b)] Temperature, T,
and cobalt concentration, x, dependence of the electrical resistivity,
p, of several representative crystals. The stoichiometry of the crys-
tals is identified in the figure.

an inhomogeneous magnetic state, the Griffiths phase, for x
~ x.. identified from our magnetic and thermodynamic mea-
surements, may amplify the anomalous Hall effect near
x..3132 In frame c of the figure we plot the carrier density
calculated from the simple form Ry=1/ny,,ec, where ny,; is
the carrier density, e is the electronic charge, and c is the
speed of light. We observe that ny,; increases with Co sub-
stitution although it is much smaller than the Co density of
these crystals, particularly for x>0.025. Our values of ny,;
indicate a carrier concentration of only 10—-30 % of the Co
density. Thus, there appears to be significant fraction of the
electrons added by the Co substitution that are in localized
states.

Our Hall data have established the sign of the charge car-
riers, negative as expected for Co substitution in FeS,, and
that the carrier density is only 10—30 % of the Co density of
our crystals. In addition, we find very large Hall conductivi-
ties resulting from extraordinarily large anomalous Hall co-
efficients for samples close to the critical concentration for
magnetism.

B. Resistivity

After establishing that our crystals were single phase and
that Co successfully replaces Fe in FeS, adding electronlike
carriers, we determined the resistivity, p, of our samples.
Figure 4 shows that, although the nominally pure FeS, crys-
tal is insulating, all of our crystals with Co substitutions were
metallic having a p that extrapolates to a finite value at T
=0.2 Further, our crystals have p’s that decreases with x for
x=0.035 and increase for larger x. These trends are made
clearer in Fig. 5 where we plot the residual resistivity defined
as po at T=1.8 K. Since the Hall effect measurements pre-
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FIG. 5. (Color online) Residual resistivity and residual resistiv-
ity ratio. The residual resistivity, p,, (resistivity at 4 K) of our
Fe,_,Co,S,; crystals. Inset; RRR, defined as the resistivity at 300 K
divided by py.

sented in Sec. III A display a continuous increase in ng,;
with x for x<<0.025 followed by a relatively constant carrier
density at larger x, the increased p at x>0.035 indicates that
the Co impurities, or other substitution-dependent defects,
represent strong scattering centers for the carriers. The resis-
tivity increases with 7 over most of the temperature range
also indicating metallicity for all x>0. We summarize the T’
dependence of p by plotting the RRR of our crystals in the
inset to Fig. 5. Here RRR is defined as ratio of p at 300 K to
that at 4 K and the figure demonstrates that RRR is between
1.9 and 4 for all of our x>0 samples. Metals with small
disorder typically display a large RRR due to a strongly
T-dependent scattering rate for charge carrier-phonon scatter-
ing below the Debye temperature (0,=610 K for FeS,).>>
For disordered metals this dependence can be hidden by a
large impurity, 7-independent, scattering rate. In our
samples, the RRR is small, a second indication that the im-
purities and defects related to the chemical substitution rep-
resent strong scattering centers for the doped carriers. In ad-
dition to the impurity-related scattering and the phonon
scattering apparent in the resistivity, there appears to be a
separate, T-dependent, contribution to p of our crystals evi-
dent below ~20 K.

1. Resistivity below 20 K

The temperature dependence of the charge carrier trans-
port at low T’s can often reveal much about the character of
the charge carriers and their scattering. Therefore we have
explored the carrier transport below 20 K in some detail as
shown in Figs. 6 and 7 where we display p of a few repre-
sentative crystals. As these figures demonstrate, crystals with
x<<0.01 generally display a decreasing p with 7 below 20 K
while those with x>0.01 display an increasing p with T
leading to a maximum in p at temperatures somewhat above
T..? In addition, we observe that p tends toward saturation
by T7<0.3 K, a behavior typically observed in metals with-
out substantial disorder where it is indicative of transport in
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FIG. 6. (Color online) Resistivity and Magnetoresistance. [(a)—
(d)] Temperature, T, dependence of the resistivity, p of four single
crystals at magnetic fields, H, and stoichiometry’s identified in the
figure. Zero-field data same as in Fig. 4. Solid line is a fit of a
Kondo anomaly form to the data using the Kondo temperature de-

termined from a scaling of the magnetoresistance data (see text)
(Ref. 34).

a Fermi liquid. The resistivities we measure are above
500 u{) cm, consistent with the small carrier concentration
revealed in our Hall effect measurements and a large scatter-
ing rate. A typical measure of the proximity to the insulator-
to-metal transition is the quantity k¢, where kr is the Fermi
wave vector and ¢ is the mean-free path of the carriers. Our
estimates of k€ at 4 K for the samples shown in Fig. 4 range
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FIG. 7. (Color online) Low-temperature resistivity. The resistiv-
ity, p, as a function of temperature, 7, at 0.07<7<20 K for two
representative crystals with (a) x=0.005 and (b) x=0.035. Magnetic
fields are identified in the figure. Dashed line in frame “a” is a fit of
the Kondo form (Ref. 34) to the data above 0.5 K with the Kondo
temperature held at 1.4 K as determined from the best scaling of the
magnetoresistance data. See text for details. Inset: same data as in
frame a, highlighting the variation in p below 1 K. Symbols are the
same as in the main frame.
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from 1.5 for our smallest x, to 15 for the crystals having the
smallest p, in Fig. 5.

As is apparent in Figs. 6 and 7 the application of magnetic
fields substantially decreases p for all samples measured, in-
dependent of the sign of dp/dT. The decrease in resistivity is
as large as 35% of p, for a 5 T field. The negative MR we
observe is at odds with what has been measured in common
semiconductors such as Si:P and other magnetic semiconduc-
tors, such as Fe;_,Co,Si, where a positive MR is associated
with the electron-electron interaction effects.”!"1>  For
samples that display a dp/dT <0 at H=0 the effect of mag-
netic field is to reverse the sign of the temperature derivative
so that all samples have a dp/dT >0 at high fields. Instead of
resembling the transport of charge carriers in prototypical
semiconductors, we observe a behavior similar to what is
seen when magnetic impurities are added to high-purity
metals.?8

In common metals the addition of magnetic impurities
leads to a low T resistivity anomaly that has been extensively
investigated3**® for over 40 years. Small impurity densities,
typically less than 0.01%, induce an increased p with de-
creasing T similar to what we observe here. This is the well-
known Kondo effect®33# where conduction electrons increas-
ingly screen the magnetic impurities as the temperature is
lowered. The effect of a magnetic field is to Zeeman split the
energy levels of the impurity moments effectively removing
the Kondo resonance, thereby removing a scattering channel
for the carriers. At higher impurity concentrations, interac-
tions between impurity magnetic moments become of the
same order as the effective screening temperature, kgT™,
where kg is Boltzmann’s constant. In this case, a spin glass or
a disordered magnetic state forms at low 7 and is typically
indicated by a decrease in p below the glass freezing or
magnetic-ordering temperature.>®> We note that the 7 and x
ranges where we observe dp/dT >0 at H=0 correspond well
with the magnetically ordered states identified by a peak in
the ac susceptibility.>

In Figs. 6 and 7 we have included a comparison of our
data for p(7T) at H=0 with a standard form for the Kondo
resistance anomaly given by Hamann3*3°

ol 25 In T/Ty
Pspin= 2P0 1= €08 2Oy >y 2S(S + 1)]72

)]

where Ty is the Kondo temperature, S the spin of the impu-
rity, 8, the phase shift due to ordinary scattering, and p, the
s-wave unitarity limit resistivity. We have fit this form to our
data for x <x, with S set at 1/2 and Tk held at the value of T*
found from the scaling of the MR, see below, and found best
fit values for &, between 25° and 60°.

The field dependence of p at constant 7 for the same four
crystals as in Fig. 6 is shown in Fig. 8 where the negative
MR is once again displayed. The size of the MR decreases
with temperature so that by about 7=25 K there is only a
small MR (<5%). The MR at 1.8 K is large indicating that
the scattering of the carriers by the magnetic impurities is
dominating p of our crystals, particularly at larger x. We also
observe a change in the shape of the MR at low H for x
>0.01. Although the MR is negative and analytic at H=0 for
samples with x<<x,.=0.007 =0.002, as well as for x>x, at
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FIG. 8. (Color online) Magnetoresistance. [(a)—(d)] The magne-
toresistance (resistivity, p as a function of magnetic field, H) for the
same crystals as in Fig. 6 with stoichiometry’s and temperatures, 7,
identified in the figure. The current direction was perpendicular to
H, transverse MR, for all data presented in the figure.

T>T,, it is very sharp at T<T,, a feature commonly ob-
served in ferromagnetic metals.>

A common indicator for the mechanism of the MR is the
difference in MR for currents parallel and perpendicular to
the magnetic field. In Fig. 9 we plot the MR measured for
two representative samples in the two current-field configu-
rations. We have chosen one sample with x <x. and one with
x> x,. for this plot, and in both cases there is little change in
the MR with field orientation. We conclude that the contri-
butions to the MR from orbital effects is minimal in agree-
ment with our tentative assignment of the MR, and
T-dependent p, to a Kondo anomaly.

To further test the hypothesis that the MR is related to
scattering from magnetic moments associated with the Co
substitution, and more specifically the Kondo effect for x
<x,., we have attempted a simple scaling of the MR to a

' I ' I
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o °
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FIG. 9. (Color online) Transverse and longitudinal magnetore-
sistance. (a) The MR, defined as the resistivity, p, as a function of
magnetic field, H after subtracting the resistivity at H=0, p,, and
dividing by py, p—po/ po, of two representative crystals at 1.8 K.
Stoichiometry’s of the crystals are identified in the figure. The lon-
gitudinal MR refers to the current direction being parallel to H. The
transverse MR refers to the measurement geometry where the cur-
rent is in the same direction with respect to the crystal as in the
longitudinal MR measurement but with the crystal oriented such
that the current is perpendicular to H.
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FIG. 10. (Color online) Scaling plot of the magnetoresistance.
[(a)—(d)] Magnetoresistance, p—p,/ py where p is the resistivity and
po refers to the resistivity in zero magnetic field, H, as a function of
H divided by the temperature, 7, added to the Kondo temperature,
T* determined by the best scaling of the these data. The stoichiom-
etry of the crystals is indicated in the figure, as is the value of T*
which leads to the best scaling of the data. 7" and H for the constant
temperature and field scans are indicated in the figure. The scaling
is seen to work well for samples where x <x,, the critical Co con-
centration for ferromagnetism, frames a and b. In frames ¢ and d
where x> x,, no value of 7" results in reasonable scaling of all the
data.

standard Kondo form, (p—po)/po=fLH/(T+T*)].3¢37 In Fig.
10 we display the typical results of our scaling procedure for
crystals with 0.004=x=0.16. While the scaling quality is
within the scatter of the data for paramagnetic samples, x
<x.=0.007, there is significant deviation from scaling for
samples having a magnetic transition at finite 7. The values
for T* resulting in the best scaling of our data are plotted in
Fig. 11 where T is seen to increase with x. We conclude
from the quality of the scaling of the data that a single-ion
Kondo form does well to describe the resistivity where the
interaction between moments is expected to be small, that is,

\ ‘ \
L Fe,_,Co,S, l 4

" (K)

0 \
0.0 0.005 0.01
X

FIG. 11. (Color online) Kondo temperature. The Co concentra-
tion dependence, x of the Kondo temperature 7" as determined from
scaling of the magnetoresistance, see Fig. 10, for example. Only
samples where x is less than the critical concentration for ferromag-
netism, x., is T accurately determined and only those data are
plotted in the figure.
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for x=x, and T larger than a scale related to the interactions
between local moments, such as an RKKY energy scale. This
is in accord with our magnetization measurements for
samples with x <x. where the 7 dependence of the magnetic
susceptibility displays a small negative Weiss 7.3'32 From
the quality of the fits shown in the figures, and the quality of
the scaling of the MR in Fig. 10, we conclude that a single-
ion Kondo form describes the low-temperature transport of
our samples with x<x. well, while for x> x_ the transport
properties resemble those of Kondo systems where the con-
centration of magnetic impurities is large enough so that in-
teraction between them results in magnetic ordering.

Since kp€ is close to 1 in our crystals, we expect that p
display evidence of electron-electron interaction effects that
dominate the low-7 magnetotransport of prototypical
semiconductors,”” and some magnetic semiconductors,'>!?
near the IM transition. The resistivity of common semicon-
ductors with doping concentrations near that required for a
IM transition display both a T'? dependence at low T and a
positive MR that grows as H'? for guzH > kzT. We observe,
instead, resistivities that, below 1 K, appear to be a continu-
ation of the Kondo or spin glasslike forms in Figs. 6 and 7 so
that neither of these signatures of quantum interference is
obvious in Fe;_.Co,S,. In this same range of x and 7, our
specific heat and magnetic susceptibility measurements re-
veal the formation of Griffiths phases which have been sug-
gested to be a cause of non-Fermi-liquid behavior.?6:2831:32
Instead, we observe a saturating resistivity below 1 K most
straightforwardly interpreted as Fermi-liquid behavior.

2. Resistivity above 20 K

Above 20 K the resistivity shown in Fig. 4 increases with
increased T demonstrating metallic conduction of the carriers
introduced by Co substitution. However, the thermally in-
duced scattering does not increase p of our crystals by more
than a factor of 2 in most crystals (see RRR in Fig. 5) re-
flecting the importance of the substitutional disorder.

The resistivity of a few representative samples is shown
in Figs. 12(a) and 12(b) where the temperature dependence
of the resistivity appears to be almost linear over a wide
range of temperatures. In the usual description of metallic
transport, based in part on Matthiessen’s rule, carrier scatter-
ing due to impurities is considered 7 independent while the
scattering from the thermally activated phonons is highly T’
dependent. The standard,*** semiclassical, Debye treatment
of carrier-phonon scattering predicts a po (7/0@%)3 behavior
for T< O evolving into a pxT/Of form for 7> OF. Here
07, is the transport Debye temperature. The Debye tempera-
ture for iron pyrite is 610 K (Ref. 53) and we estimate the
transport Debye temperature, ®? =2hkps/ky, where s is the
speed of sound (8980 m/s), to be between 200 and 250
K.#¢ Although in magnetic materials the higher T resistiv-
ity is difficult to model because of contributions from pho-
non and magnetic scattering are difficult to separate, we find
that the Debye form adequately describes the resistivity of
our samples over a wide range of 7" with a few notable ex-
ceptions. In particular, for samples with x close to x., the
model deviates substantially from the data near 50 K, as
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FIG. 12. (Color online) Temperature dependence of the resistiv-
ity. (a) The resistivity, p for three crystals with Co concentrations, x
indicated in the figure. Dashed lines are fits of a model that includes
a residual resistivity, p, added to a Kondo anomaly and a simple
power law form, AT*. The Kondo form was determined from fits to
the low-temperature resistivity (7<<10 K), for example, see Fig. 6
and displayed below 150 K by the dotted lines in the figure. (b) p
for five representative crystals with x’s indicated in the figure.
Dashed and dotted lines are the same as in frame a. Solid line is a
fit of a Debye model to the x=0.007 data. (c) p—p,/p, deviation of
the resistivity from the fits, p;, showing that for crystals with x in
proximity to x. a power law form with a=1.6%0.1 describes the
data well over an extended temperature range. Solid line is p
—psq/ p Where py, represents the fit of the Debye model to the re-
sistivity of the x=0.007 crystal. (d) « as determined from fits of the
model to the data in frames a and b.

demonstrated for our x=0.007 sample in Figs. 12(b) and
12(c).

We have considered a simple alternative to the standard
phonon-scattering model of resistivity motivated by our ob-
servation that the resistivity data appear to have a nearly
linear T dependence over a wide range in 7. This alternative,
demonstrated in Fig. 12, consists of a simple power-law
form, p=py+AT?, added to the same Kondo description of
the low-T data (Eq. (2)) as in Fig. 6. The results of this
procedure where a, A, and p, are allowed to vary is repre-
sented in frames a and b of Fig. 12 by the dashed lines. The
ability of such a simple model to reproduce the data is re-
markable. In fact, the difference between the data and model
shown in frame c of Fig. 12 is smaller for samples with x
~x. than the much more complex Debye model, demon-
strated by the solid line in the figure, although some system-
atic differences remain below 100 K. The best-fit values of
the temperature exponent, «, are shown in frame d where «
is seen to change from about 2.5 for small x (x=3 X 10™) to
values between 1.2 and 1.6.

Why such a simple expression does such an accurate job
of describing our resistivity data is not clear. However, we
suggest that the formation of a magnetically ordered state at
low T implies that scattering from magnetic fluctuations
plays an important role in determining p(7). The large reduc-
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FIG. 13. (Color online) Reduced resistivity. (a) The resistivity,
p, after subtraction of the resistivity at 4 K, p,, normalized by p,
and divided by T' vs temperature, T, for 14 representative crystals
with x’s identified in the figure. All samples except those with x
nearest to x, have values that approach 2 X 10™* K~'5 while those
with x~x, display values larger than 4 X 10~ K. The red line
in the figure represents a linear temperature dependence, such as
that expected for phonon scattering at 7 larger than the Debye
temperature.

tion of p, by the application of moderately sized magnetic
fields, a decrease of 45% of p, with a 9 T field as seen in Fig.
8, supports the idea that magnetic scattering is a substantial
fraction of p,. Our observations that the RRR =4 for samples
near x,. and the that the quality of fits of a simple power-law
temperature dependence to p(7) indicate magnetic fluctua-
tions to be an important contribution to the carrier scattering
in this range of x over a wide temperature range.

The simple power-law analysis of p(T) at T>>20 K has
demonstrated that the resistivity of our samples closely re-
sembles a p=py+AT* dependence with a=1.5%0.1 in a
wide range of x and 7. In order to assess the systematics and
validity of this model we have plotted the quantity (p
—po)/ (po* T') in Fig. 13. In this way we can compare scat-
tering rates in samples with very different carrier concentra-
tions and remove the error associated with the measurement
of the geometry of our crystals. If the power-law expression
were to strictly hold, this quantity would yield the parameter
A divided by p,. Dividing by p, normalizes A by eliminating
the simple effects of carrier concentration and impurity scat-
tering rate changes with x. Thus, the figure isolates the mag-
nitude of this quantity related to the 7-dependent part of the
scattering rate of the carriers. The figure demonstrates that
this value is very closely clustered about (p—py)/(poT")
=2X%107* K~!3 for nearly all of our samples. The obvious
exceptions are the crystals with x nearest to x,. on the para-
magnetic side where a value of 4 X 107 to 6 X 107 K~ is
found, reflecting the observation of a much larger RRR in
these samples.

It appears from this simple analysis that the 7-dependent
scattering rate above ~150 K is extraordinarily independent
of x for x>x, while is at least twice as large for x=x, .. From
this we conclude that there is a carrier scattering mechanism
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that is enhanced very near the critical concentration for mag-
netism in this system. Given the power-law-like dependence
on T, we assert that carrier scattering from magnetic fluctua-
tions contributes a significant fraction of the resistivity over
the entire temperature range we measure.

Resistivities, and thus by implication charge carrier scat-
tering rates, that display similar temperature-dependent
power-law behaviors for 7<<20 K have been documented
for nearly ferromagnetic and weakly ferromagnetic metals
such as Pd;_,Ni, (Ref. 46) and ZrZn,,'° where scattering
from spin fluctuations produces a 7% dependence of p. This
behavior is observed in highly itinerant magnets where a
Stoner-Wholfarth model of magnetism*® is appropriate and is
thought to signify the emergence of a marginal Fermi-liquid
ground state.’” Other materials in this category, being weakly
ferromagnetic and in proximity to a QCP, are well known for
having power-law T-dependent resistivities, p=py+AT¢,
with small a (between 1 and 1.5), for 7<10 K, include
MnSi under pressure,'”?° Ce(Cu,_,Au,)s,>> and YbRh,Si,.'
None of these examples display power-law behavior above
about 20 K. One exception is the high-temperature supercon-
ducting oxides of copper where p T' has been documented
for overdoped samples of La,_ Sr,CuO, over an enormous
temperature range.”> How the temperature-dependent resis-
tivity of Fe,_,Co,S, we observe here fits into this evolving
story is not clear. However, we point out that all of these
materials reside near a magnetic phase transition that has
been tuned toward zero temperature.

Since we have previously demonstrated that the magnetic
and thermodynamic properties of this system have power-
law T dependencies that are due to formation of Griffiths
phases, it is natural to consider if carrier scattering from
these excitations is responsible for the 7' behavior of the
resistivity we measure. The Griffiths phases consist of finite-
sized regions of incipient magnetic order fluctuating in time
where exponentially large, rare, regions can dominate the
thermodynamic response. The density of clusters with exci-
tation energies less than kzT can be easily calculated to have
a T dependence where A ~1/2 leading to a scattering rate
for charge carriers of the same form.2”-28 Therefore, in order
to explain the 7 dependence of the resistivities we measure
with this mechanism, we would have to assume matrix ele-
ment effects, most likely due to the finite sizes of the rare
regions, that would enhance the temperature-dependent scat-
tering to a ~7T" form.

IV. DISCUSSION AND CONCLUSIONS

In Fe,_,Co,S, we have previously observed that the Co
dopants each contribute localized magnetic moments to the
diamagnetic insulator FeS,.>!32°2 These moments tend to
form magnetic clusters and at low 7" we have observed the
emergence of a disordered ferromagnetic phase at x,.
=0.007 = 0.002. The thermodynamic and magnetic proper-
ties we measure indicate the presence of Griffiths phases.?!2
Our Hall effect data presented here reveal a density of elec-
trical carriers of only 10-30 % of the Co concentration in-
dicating a substantial localization of electrons donated by the
Co substitution. A slight curvature evident in the plots of the
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Hall potential vs the magnetic field may indicate the exis-
tence of a small population of compensating holes. The rea-
sons for the low carrier densities are not clear at this time but
may reflect a significant substitutional-related disorder. In the
magnetically ordered samples we observe an anomalous Hall
effect with a very large coefficient (Rg) which decreases with
X.

Measurements of the low-T resistivity show that the
charge carriers interact substantially with the magnetic mo-
ments in this system. We have presented evidence that the
Kondo effect dominates the carrier transport for x=x,. for
T<10 K and, as is the case for both simple metals with
magnetic impurities and Kondo lattice systems,3**840 the re-
sistivity saturates at low 7. We point out that the carrier
densities estimated from the Hall effect are sufficient to
screen only a small fraction of the doping-induced magnetic
moments, leaving the system highly underscreened or under-
compensated. The saturating temperature-dependent p at the
lowest 7’s indicate a Fermi-liquid ground state with contri-
butions from quantum interference effects commonly found
in doped semiconductors not observed.

Despite the interesting magnetic and thermodynamic
properties we measure, including power-law temperature de-
pendencies down to very low 7, we observe no indication of
NFL behavior in the transport properties of our Fe,_ Co,S,
crystals. Thus, just as in the prototypical semiconducting sys-
tems such as phosphorous-doped silicon,’®~% NFL behavior
observed in the magnetic and thermodynamic properties that
persist into the metallic side of the IM transition, does not
lead to NFL charge transport. In Si:P, where disordered
Fermi-liquid transport is observed,’® the implication is that
the conducting electrons and the more localized dopants
which dominate the magnetization and specific heat, C, only
interact weakly. It has even been postulated that these two
electron fluids reside in physically separate regions of the
disordered semiconductor. In contrast, in Fe;_,Co,S,, we find
convincing evidence that the conducting electrons and the
localized electrons responsible for the magnetic properties of
these materials interact substantially. The Kondo resistance
anomaly, so clearly defined in our data, indicates the impor-
tance of such an interaction. Yet, perhaps surprisingly, we do
not observe any indication of NFL behavior in the charge
carrier transport to the lowest temperatures measured despite
ample evidence for NFL response of M(H,T) and
C( H,T '31,32

The low-temperature transport properties of Fe,_ Co,S,
we outline above are substantially different from those of Co
and Mn substituted FeSi, a second magnetic semiconducting
system where detailed low-7 measurements have been car-
ried out.'>!315 While both of the nominally pure compounds,
FeS, and FeSi, have small band gaps and are nonmagnetic
having very small magnetic susceptibilities, both become
magnetic upon electron doping via Co substitution. However,
electron doping of FeSi results in a highly itinerant helimag-
netic ground state where standard quantum contributions to
the conductivity are dominant. Clearly this is distinct from
what we measure here in Fe;_,Co,S,. Hole doping FeSi by
way of Mn substitution is similar to Fe;_ Co,S, in that it was
found to display undercompensation.!> In this case, the Mn
dopants contribute a spin-1 moment and a single spin-1/2
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hole carrier. The resistivity of these compounds remained T
dependent down to the lowest temperatures, however, the
temperature dependence was not the T''? behavior found in
standard semiconducting systems such as Si:P.>>!! The NFL
behavior discovered in Fe;_ Mn,Si is in agreement with cal-
culations predicting a singular Fermi liquid in the undercom-
pensated Kondo model.®-%* In addition, the application of
modest magnetic fields reduces the inelastic scattering and
restores the typical temperature and field dependencies ex-
pected for quantum interference effects.'”> We remain puzzled
as to the cause of dramatic differences in the transport prop-
erties of these, naively similar, magnetic semiconducting sys-
tems.

Finally, the temperature dependence of the resistivity in
the T range where phonon scattering dominates the p of typi-
cal metals shows some peculiarities. In particular, the tem-
perature dependence of the resistivity is enhanced for
samples with x very near x., having a RRR twice as large as
samples on either side of x.. Although a semiclassical model
of carrier-phonon scattering describes the broad features of
p(T) our models show systematic differences with the data
below 100 K for the samples with x~x,.. We have demon-
strated that a simple power-law form surprisingly describes
the data at least as well as the semiclassical model*** in this
range of x. We speculate that the resistivity of these com-
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pounds results, in part, from magnetic fluctuation scattering
of the carriers, even at temperatures approaching room 7.

In summary, Co doping of FeS, adds both local magnetic
moments and electron charge carriers to this band-gap insu-
lator. Our data indicate that although the magnetic and ther-
modynamic properties of Fe,_,Co,S, for 0=x=0.085 are
dominated by the presence of Griffiths phases at low tem-
peratures, the transport is Fermi liquidlike. It appears that
there is a Kondo coupling of the carriers and local magnetic
moments that produces a saturating resistivity below
~0.3 K. Despite the small mean-free path of the doped
charge carriers we observe no indication of quantum correc-
tions to the conductivity. Thus, despite the NFL behavior
found in the magnetic and thermodynamic properties, we
observe transport properties that can be described as domi-
nated by Kondo anomalies, and/or magnetic scattering, but
are essentially Fermi liquidlike.
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