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Low-temperature transport, optical, magnetic and thermodynamic properties of Fe12xCoxSi
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We report measurements of the electrical conductivitys(T), the optical reflectivityR(v,T), the low-field ac
magnetic susceptibilityx8(T, f ), and the specific heatCp(T) for polycrystalline samples of Fe12xCoxSi with
0<x<0.03 at low temperatures. Between 130 and 300 K the temperature variation ofs(v,T) is consistent
with that of a hybridization-gap semiconductor and is very similar for all samples. Below 50 Ks(0,T) strongly
depends on the cobalt concentrationx andds/dT decreases with decreasingx, changing sign from positive to
negative in the range 0.01<x<0.02. Forx<0.0075 the dc conductivitys tends to saturate below 0.1 K,
indicating a semimetallic regime characterized by a very low density of itinerant carriers. Forx>0.01 the
x8(T) curves show maxima at different temperaturesTf(x) manifesting a spin-glass-type freezing of magnetic
moments below 1 K. The small values ofTf /x and the frequency dependences ofTf both suggest a weak
magnetic interaction. The low-temperature specific heatCp(T) contains a termgT that increases with increas-
ing x from 2.1T mJ mol21 K21 for pure FeSi to 7.6T mJ mol21 K21 for Fe0.97Co0.03Si. Together with the
results of the optical measurements this implies a respectable low-temperature mass enhancement of the
itinerant carriers on the order of 30.@S0163-1829~97!04027-7#
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I. INTRODUCTION

FeSi is a cubic narrow-gap semiconductor~space group
P213) that has been claimed to share common features
a class of rare-earth compounds known as hybridization-
semiconductors or Kondo insulators.1 The magnetic suscep
tibility x(T) of FeSi shows a maximum at about 500 K a
an activated behavior below that temperature correspon
to a narrow gap in the excitation spectrum.2 No magnetic
order or spin-glass freezing occurs in this material, at le
down to 0.04 K.3 At very low temperatures the electrica
conductivity of FeSi is very low but metallic in character.3–5

Its isostructural counterpart CoSi is a diamagnetic semim
with a temperature-independent susceptibility.6 The nature of
the gap in the excitation spectrum of FeSi remains an o
issue of debate from both the experimental and theore
points of view. In fact, for some aspects of the results
s(T) and x(T) measurements, difficulties in interpretatio
with theoretical calculations still exist.7–10 Furthermore,
there is evidence for a possible difference between gap
the charge and spin excitation channels, respectively.10

Previous investigations have shown that the transp
properties of FeSi are very much affected by replacing Fe
Co.11,12With the aim to learn more about the ground state
FeSi we set out to study in more detail the question of p
sible consequences of Co doping on electronic and ther
properties, considering both itinerant and localized cha
carriers. In addition, optical measurements were include
reveal details of the electronic excitation spectrum and a p
sible interplay between electronic and lattice excitations.

Below we report the results of this investigation of som
560163-1829/97/56~3!/1366~10!/$10.00
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low-temperature electrical-transport, optical, magnetic, a
thermodynamic properties of pure and Co-doped Fe
Fe12xCoxSi forms disordered solid solutions with theB20
structure at allx. This system exhibits two critical concen
trationsx150.05 andx250.8 for the onset of an inhomoge
neous long-period helimagnetic order, tentatively attribu
to a Dzyaloshinsky–Moriya spin-orbit-type coupling, whic
can occur in the noncentrosymmetricB20 structure.13–15The
occurrence of a long-period helimagnetic order has pre
ously been reported for the relatedB20 transition-metal com-
pounds MnSi~Ref. 16! and FeGe~Ref. 17!.

II. SAMPLES AND EXPERIMENTS

Polycrystalline ingots of Fe12xCoxSi with Co concentra-
tions in the range 0<x<0.03 were prepared by melting to
gether appropriate quantities of constituents in an rf furna
Our samples, with dimensions of approximate
1.531.535 mm, were cut from the ingots using spark er
sion.

The electrical conductivity, the optical reflectivity, the a
magnetic susceptibility, and the specific heat were measu
in varying ranges of temperature between 0.05 and 300
For each concentration of cobalt, all measurements repo
below were done using thesamesample. This matter is par
ticularly important in the case of FeSi, the composition
which can vary from 49 to 50.5 at.% Si.18

The electrical conductivity was measured by a stand
low-frequency ac four-probe technique in the temperat
range between 0.05 and 300 K. The samples were fixed
heat sink with a thin layer of GE-7031 varnish at one end
1366 © 1997 The American Physical Society
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56 1367LOW-TEMPERATURE TRANSPORT, OPTICAL, . . .
reduce the cooling-induced stress.3

The low-frequency and low-field ac magnetic susceptib
ity data were obtained with a conventional mutu
inductance technique in varying temperature ranges betw
0.05 and 4 K. Measurements were made in the freque
range between 18 and 630 Hz and with an excitation-fi
amplitude in the range from 0.025 to 0.1 Oe. The signa
the pickup coil was measured with a two-channel lock
amplifier monitoring simultaneously the in-phasex8 and the
out-of-phase componentx9. A low-noise signal transforme
was used to match the impedances of the pick-up coil and
lock-in amplifier.

The specific heatCp(T) was measured using a relaxatio
type method in the temperature range between 0.05 an
K. The temperatures in the range between 0.05 and 1 K were
reached in a dilution refrigerator. Conventional3He and
4He cryostats were used for temperatures between 0.35
4 K, and above 1.5 K, respectively.

The optical reflectivityR(v) of Fe12xCoxSi has been
measured for the samples withx50, 0.005, 0.02, and 0.03 in
the frequency range between 15 and 105 cm21, i.e., over
almost 4 orders of magnitude in frequency and at selec
fixed temperatures. The optical conductivitys1(v) was ob-
tained by performing a Kramers-Kronig transformation
the reflectivity R(v) spectra extrapolated to lower an
higher frequencies. Details concerning the experime
setup and the extrapolation procedure can be found in
19.

III. RESULTS, ANALYSIS, AND DISCUSSION

A. Electrical conductivity

The electrical conductivitys(T) of polycrystalline
samples of Fe12xCoxSi was measured in the temperatu
range between 0.05 and 300 K for 0<x<0.01 and between
0.4 and 300 K for 0.02<x<0.03. The room-temperatur
conductivitiess300 K of the investigated materials fall int
the range between 1.53103 and 43103 V21 cm21. Our
electrical-conductivity data are shown in Fig. 1 as a log-

FIG. 1. The electrical conductivitys of Fe12xCoxSi plotted as
s/s300 K vsT between 0.05 and 300 K on a log-log scale. The in
shows the conductivitys of nominally pure FeSi plotted as a func
tion of T3.2, below 0.17 K.
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plot of s/s300 K versusT. Part of the same data for temper
tures between 80 and 300 K are plotted as ln(s/s300 K) versus
T21 and displayed in Fig. 2.

We first analyze the conductivity behavior for nominal
pure FeSi. We note that althoughs(T) was measured on a
polycrystalline sample, the general features are very clos
those revealed in experiments using single crystals.5 Below
300 K, there is a monotonic drop in conductivity by almo
five orders of magnitude to the lowest measured tempera
of 0.05 K. Between 200 and 300 K, the ln(s/s300 K) versus
T21 curve tends to level off with increasing temperatu
indicating that the material enters the electronically degen
ate regime. In the whole temperature range measured we
not able to identify a regime of thermally activated condu
tivity

s}expS 2
Egap

2kBT
D ~1!

over any extended range of temperature because the tem
ture variation ofs is, strictly speaking, characterized by
temperature dependent slopedlns/d(T21).

It has previously been shown20,10 that above 100 K the
behavior of s of pure FeSi is consistent with that of
hybridization-gap semiconductor, i.e., a system with a stro
renormalization of the noninteracting bands and their wid
that leads to an enhanced electronic density of states~DOS!
at the gap edges. While an applicability of a hybridizatio
gap-semiconductor approach to FeSi may be questione
general grounds, it seems to consistently describe magn
thermodynamic, and transport properties of this materia
temperatures exceeding 100 K.20,10 In addition, high-
resolution angle-resolved photoemission studies of F
~Refs. 21 and 22! have shown the development of a ba
with spectacularly sharp features near the upper edge o
valence band, which strongly supports a picture involvi
two narrow bands at the edges of a narrow gap.

t
FIG. 2. The conductivity datas(T) of Fe12xCoxSi between 80

and 300 K plotted as ln(s/s300 K) vs T
21. The data of different

samples are shifted along the vertical axis by 0.5 for clarity. T
lines are fits of Eq.~2! to the data of Fe12xCoxSi in the region
130–300 K.
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1368 56M. A. CHERNIKOV et al.
The assumptions that the electronic DOS can be appr
mated by two rectangular bands, each of widthW, separated
by an energy gapEgapand that the mobilityb of the itinerant
charge carriers is limited by electron-phonon scattering;
b}T23/2, leads to

s}T23/2H 12
kBT

W
lnF11expSEgap12W

2kBT
D G

1
kBT

W
lnF11expS Egap

2kBT
D G J . ~2!

Here it is also assumed that the chemical potentialm resides
in the center of the energy gap and is temperature inde
dent, which is consistent with electron-hole symmetry of
model DOS.10 These assumptions are expected to be vali
not too low temperatures, i.e., in the temperature range of
intrinsic regime. A fit of Eq.~2! to s(T) of pure FeSi in the
temperature range between 130 and 300 K, shown in Fi
as the solid line through the data points of FeSi, yie
Egap581 meV andW539 meV, in fair agreement with
analogous values reported in Refs. 20 and 10.

On the log-log scale used in Fig. 1 one recognize
shoulder in the electrical conductivity data atT'80 K. Be-
low that temperatures drops further with decreasingT but
tends to saturate below 1 K, reaching 4.431022 V21 cm21

at 0.05 K. Nowhere in this regime is it possible to descr
the data with a thermally activated behavior over any
tended temperature range.

In previous studies of FeSi~Ref. 23! it has been claimed
that in the limited range of temperatures between 2.5 and
K, s(T) of pure FeSi can be described with a variable-ran
hopping behaviour,24 i.e.,

s}expF2S T1/4T D 1/4G . ~3!

A fit of Eq. ~3! to our s(T) data of pure FeSi in the tem
perature range 2.5–20 K shown in Fig. 3 yiel
T1/451.433104 K, which is very close to theT1/4 value of

FIG. 3. ln(s/s300 K) vsT
21/4 of Fe12xCoxSi with 0<x<0.01 in

the temperature range 0.05–300 K. The line is a fit of Eq.~3! to the
s(T) data of pure FeSi between 2.5 and 20 K.
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1.423104 K reported in Ref. 23. For samples withxÞ0,
however, it may be seen that this type of approximation
not appropriate.

At the lowest temperatures below 0.18 K, the conductiv
s is well described by an expression of the form

s5s01mTa, ~4!

as shown in the inset of Fig. 1. In this regime we fin
s054.431022 V21 cm21, m50.72 V21 cm21 K23.2, and
a53.2. We note that the value of the exponenta is very
large compared witha;2 previously reported for metallic
samples of doped semiconductors close to the metal to n
metal transition.25

We now focus on thes(T) variation of Co-doped FeSi
Between 90 and 300 K,s(T) of these samples is qualita
tively similar to that of nominally pure material. Betwee
130 and 300 K the conductivitys is again well described by
Eq. ~2! appropriate for a hybridization-gap semiconductor
the regime of intrinsic conductance~see Fig. 2!. The energy
gapEgap that follows from the analysis of ours(T) data for
Fe12xCoxSi appears to be independent of the cobalt conc
trationx for materials withx<0.02 and it slightly decrease
with further increasingx ~see Fig. 4!.

Below 90 Ks(T) depends strongly on the doping leve
In the log10(s/s300 K) versus log10T plot shown in Fig. 1, the
curves are seen to become less steep with increasingx. Be-
low about 30 K,s/s300 K of Fe0.995Co0.005Si is noticeably
higher than that of nominally pure FeSi, the differen
amounting to 112 orders of magnitude at 1 K. Below 1 K
where s of pure FeSi saturates, the conductivity of F
0.995Co0.005Si keeps dropping steeply with decreasingT until
it tends to saturate below 0.15 K, reaching a level, tha
close to that of pure FeSi in this temperature range. T
samples withx50.0075 and 0.01 show as(T) variation,
which is qualitatively similar to that of Fe0.995Co0.005Si but
their conductivities atT50.05 K are higher than that o
Fe0.995Co0.005Si by one and two orders of magnitude, respe
tively.

For Co-doped FeSi we were not able to identify regim
of thermally activated conductivity or of variable-range ho

FIG. 4. Energy gapEgap as a function of cobalt concentratio
x obtained from fitting Eq.~2! to the s(T) data of Fe12xCoxSi
between 130 and 300 K~open circles! and from the optical conduc
tivity s1(v) ~closed circles!.
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56 1369LOW-TEMPERATURE TRANSPORT, OPTICAL, . . .
ping over any extended range of temperature below 90
However, we note that an expression of the form

s}expF2S T1/2T D 1/2G ~5!

appropriate for a regime of variable-range hopping in
presence of a Coulomb gap,26,27 i.e., when the single-particle
density of states close to the chemical potential is deple
due to the Coulomb interaction between electrons, seem
describe our conductivity data for Fe12xCoxSi with
0.005<x<0.01 over substantial temperature ranges~see Fig.
5!.

With increasingx the conductivity saturation at very low
temperatures that dominates thes(T) data of nominally pure
FeSi becomes less pronounced and it is not well develo
in the conductivity data of Fe0.99Co0.01Si. The saturation
trend of s at low temperatures may be described qual
tively using an approach based on an evaluation of the
rivative dlns/dlnT.28 This simple but instructive analysis i
meant to allow for the identification of the type of condu
tivity from the dlns/dlnT behavior at low temperatures. I
the metallic regimes approaches nonzero values asT tends
to zero and thereforedlns/dlnT→0 asT→0. If s follows an
exponential temperature dependence as, e.g., in the vari
range-hopping regime,dlns/dlnT diverges at zero tempera
ture. Finally, for many-electron cascade transitions in the
sulating regime,s is expected to vary asTs with s@1.29 In
this case,dlns/dlnT would tend to a constant nonzero valu
for T→0.

We have calculated the numerical derivativedlns/dlnT
usings(T) of our Fe12xCoxSi samples. The results of thi
calculation are plotted versus lnT in Fig. 6. The peak be-
tween 100 and 200 K common to all samples reflects
crossover between the regimes of intrinsic and extrinsic c
duction. According to this analysis ofdlns/dlnT, pure FeSi
clearly exhibits metallic behavior at low temperatures. F
Fe12xCoxSi with 0.005<x<0.01,dlns/dlnT first increases
with decreasing temperature below 10 K and after reachin
maximum at a temperature, which depends onx, decreases

FIG. 5. ln(s/s300 K) vs T
21/2 of Fe12xCoxSi with 0<x<0.01

between 0.05 and 300 K. Lines indicate fits of thes(T) data of the
Co-doped materials using Eq.~5! in the temperature range betwee
0.2 and 4 K.
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with further decreasingT. Although for the samples with
0.005<x<0.01dlns/dlnT is still nonzero at the lowest tem-
peratures of 0.05 K reached in our experiments, the posit
slope of the dlns/dlnT versus log10T curves close to
T50.05 K suggests that all these samples are metallic
T→0. Below 0.08 K the electrical conductivitys(T) of Fe
12xCoxSi with 0.005<x<0.01 can be well described by Eq
~4!. The fitted values of the parameterss0 anda are plotted
in Fig. 7 as functions of cobalt concentrationx.

FIG. 6. dlns/d lnT vs log10T of Fe12xCoxSi.

FIG. 7. Zero-temperature conductivitys0 and the exponenta
obtained from fitting Eq.~4! to thes(T) data of Fe12xCoxSi plot-
ted as functions of cobalt concentrationx. The fitting ranges are
0.05–0.08 K and 0.35–0.5 K for 0<x<0.01 and 0.02<x<0.03,
respectively. The lines are guides for the eye.



e
a

h

o

c
.
n
e
h
m
i

th

o
ti
o

r

e
-

to

ads
i-

ich

-
t
he

ate

our

lic
ar-

ure
tely
on-

ti-
n in
n-
20
e
ing
llic
of

1370 56M. A. CHERNIKOV et al.
For Co concentrationsx50.02 and 0.03, the conductivity
s depends relatively weakly on temperature below 90 K~see
Fig. 8!. Heres first decreases with decreasingT, reaches a
shallow minimum at approximately 50 K, and then increas
with further decreasing temperature with a very small neg
tive slopeds/dT. For both samples, the slopeds/dT again
changes sign atT'1.5 K and it remains positive down to the
lowest measured temperature of 0.4 K. Well below 1 K, t
electrical conductivitys(T) is adequately fitted using Eq.~4!
with a'0.5 andm'60 V21 cm21 K21/2 ~see inset of Fig.
8!. This implies that the temperature dependence of the c
ductivity s(T) of Fe12xCoxSi with x50.02 and 0.03 close
to T50 is determined by the diffusion-channel term chara
teristic of disordered metals with low electron diffusivity
The diffusion-channel correction to the classical Boltzma
conductivity arises from quantum-interference effects wh
the scattering is predominantly elastic, and it is due to t
Coulomb interaction between itinerant electrons whose co
bined total momentump is small compared with the Ferm
momentumpF .

30

We now comment on the composition dependence of
zero-temperature conductivitys0 and the power-law expo-
nent a obtained using Eq.~4! and shown in Fig. 7. With
decreasingx from 0.03 to 0.005,s0 rapidly decreases by
more than 4 orders of magnitude but it saturates bel
x50.005. The saturation of the zero-temperature conduc
ity s0 for x<0.005 suggests that an additional mechanism
conduction sets in at the level ofs0;0.04V21 cm21 and
we will comment on this observation later. Fo
0.02<x<0.03, i.e., well within the metallic regime,
a'0.5, independent ofx. With further decreasingx the ex-
ponenta increases rapidly, reaching 3.5 atx50.075 and
varying only weakly withx for x<0.075. We note that posi-
tive and nonzero values ofs0 confirm our conclusion, based
on the analysis ofdlns/dlnT, that all our samples of Fe
12xCoxSi are metallic. Nevertheless, both thes0(x) and the
a(x) variation in the Co concentration rang
0.005<x<0.03 are indicative of the proximity of a metal-to
insulator transition.

The assumptions that the composition-driven metal-
insulator transition is bound to occur in Fe12xCoxSi with

FIG. 8. s/s300 K vs T of Fe12xCoxSi with x50.02 and 0.03 in
the temperature range 0.35–100 K. The inset showss of
Fe0.98Co0.02Si as a function ofT1/2 between 0.35 and 1 K.
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x'0.005 and that the partial replacement of Fe by Co le
to one itinerant electron per cobalt impurity implies a min
mum metallic conductivitysmin given by31

smin'C3

e2

\ lmin
'37274 V21 cm21. ~6!

Here lmin is the shortest possible mean free path for wh
we take the mean separation between impurities, andC3 lies
in the range between 0.025 and 0.05. For Fe12xCoxSi with
x50.005 we calculatelmin'17 Å. In Fig. 9 we plot the
power-law exponenta as a function ofs0 /smin . We note
that a;0.5 for s0 /smin.1 anda;3.5 whens0 /smin is
much less than unity~3 orders of magnitude!. Apart from the
somewhat large values ofa at the lowest impurity concen
trationsx, thea(s0 /smin) variation is in general agreemen
with what is usually observed on the metallic side of t
metal to nonmetal transition of doped semiconductors.25

We note, however, that a transition to a nonmetallic st
implies thats0 ought to decrease further with decreasingx
below 0.005 and should vanish at a Co concentrationx
somewhat below 0.005, in obvious disagreement with
experimental results~see Fig. 7!. A possible scenario that is
consistent with our electrical conductivitys(T) data of
Fe12xCoxSi is that below 0.1 K, FeSi enters a semimetal
regime characterized by a very low density of itinerant c
riers as implied by the magnitude ofs0.

5 This interpretation
gains further support from a comparison of the temperat
dependences of the conductivity in pure and modera
doped FeSi. While the values of the zero-temperature c
ductivity s0 of nominally pure FeSi and Fe0.995Co0.005Si are
almost equal,s(T) of these two materials varies in drama
cally different ways at intermediate temperatures as show
Fig. 1. Additionally, for pure FeSi the results of the ac co
ductivity measurements in the frequency range between
Hz and 1 GHz~Ref. 4! are consistent with an increase of th
dielectric constant by an order of magnitude with decreas
temperature from 4 to 0.08 K, again suggestive of a meta
state. A further discussion on the density and mobility

FIG. 9. Power-law exponenta vs s0 /smin . Here we used
smin552V21 cm21 calculated forC350.035. The horizontal error
bars are meant to indicate an uncertainty in the choice ofC3, which
lies in the range between 0.025 and 0.05~see text!. The lines are
guides for the eye.
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56 1371LOW-TEMPERATURE TRANSPORT, OPTICAL, . . .
charge carriers in FeSi at low temperatures will be presen
in a forthcoming publication.32

Taken together, thes(T) behavior of nominally pure and
Co-doped FeSi is consistent with that of impu
hybridization-gap semiconductors, for which in the intrins
regime at high temperatures, thes(T) curves are expected t
depend only slightly on doping. On the other hand, a stro
concentration dependence ofs(T) is expected in the regime
of extrinsic conductance at low temperatures. The ene
gap Egap581 meV that follows from ours(T) data for
nominally pure FeSi between 130 and 300 K is in fair agr
ment with our optical-conductivity results presented in S
III B and in Refs. 19 and 32, and also with the results
other experiments probing the width of the gap in the el
tronic excitation spectrum.10,33–36

Finally, we note that in the Fe12xCoxSi alloy series the
transition from the regime of conductance characterized b
positive sign ofds/dT to the regime in whichds/dT is
negative, occurring at Co concentrationsx in the range be-
tween 0.01 and 0.02 at %, becomes manifest at tempera
just below the regime of intrinsic conductance. This is qu
in contrast, for example, to antimony-doped germanium,
which an intermediate activation regime characterized by
activation energyE1 , has clearly been identified.37

B. Optical conductivity

Figure 10 presentss1(v) at several selected temperatur
for Fe12xCoxSi with x50, 0.005, 0.02, and 0.03. We imme
diately note the overall equivalence, at least qualitative
among the optical properties of the various alloys with d
ferent composition. As observed previously for FeSi,19,33we
note the same progressive opening of a gap with decrea
temperature, leading to the suppression of spectral weigh
the far- and mid-infrared range~FIR-MIR!. The dc limit of
s1(v) at each temperature is consistent with the measu
dc conductivity~see Sec. III A!. Forx50.02 and 0.03 we do
observe a residual metallic contribution tos1(v) at low tem-
peratures, which manifests itself by a constants1(v→0)
Þ0 behavior below the FIR spectral range. This is distinc
different from the behavior ofs1(v) for x50 and 0.005,
where the metallic component cannot be resolved at
temperatures. We also note that the lost spectral weight
to the opening of the gap piles up at the gap absorpt
Particularly forx50, 0.005, and 0.02,s1(v) at low tem-
peratures displays peaks atEgap exceeding the signal of th
300 K curve.19,32

However, forx50.03 the gap feature is barely recogniz
and the transferred spectral weight does not induce a siz
peak ins1(v). This is mainly the consequence of the high
reflectivity of thex50.03 alloy in the FIR-MIR range. Nev
ertheless, the total spectral weight is fully recovered
v,4vgap in all investigated alloys. Since no softening of th
sharp phonon modes below the gap energy is observed
conclude that the doping neither changes the electron-la
coupling nor affects the symmetry of the crystal lattice,
agreement with previous x-ray and neutron scatter
results.11,13,14 In addition, their relative spectral weight o
intensity remains unchanged.

The rather conventional and phenomenological approa
based on the classical Lorentz-Drude dispersion theory,38 al-
d
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lows us to decouple the various contributions tos1(v). For
all compounds, we have assumed thats1(v) can be de-
scribed by a Drude term for the free charge carriers and a
of Lorentz harmonic oscillators for the phonon modes,
gap excitation, and the electronic interband transitions.
reasons of consistency, the number of harmonic oscilla
has been kept constant for the different alloys. The fits
produce the major features of the experimental resu
namely, the progressive suppression of the Drude term w
decreasing temperature, which is complete forx50 and
0.005, and the rigidity of the phonon modes upon dopi
These fits also serve for the reliable evaluation of the g
energyEgap. Its dependence onx is shown in Fig. 4. The
comparison with the values extracted from the transp
properties demonstrates that the gap is independent ofx for
x<0.02 and tends to a 10–20% reduction forx50.03. Con-
sidering the possible error bars in the evaluation procedu
of the gap values from either dc transport or optical cond
tivity, we ascribe no significance to the slight difference b
tween them.

Finally, from the residual metallic component ofs1(v) at
T,10 K for x50.02 and 0.03, approximated with a Drud

FIG. 10. Optical conductivitys1(v) of Fe12xCoxSi with
x50, 0.005, 0.02, and 0.03 at fixed temperatures in the range
tween 10 and 300 K.
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term, one may estimate the effective massm* and the con-
centrationn of the itinerant charge carriers. This may b
achieved by comparing the corresponding plasma freque
vp inferred from the fits, with the Sommerfeldg(T→0)
value of the electronic contribution to the specific heat. W
vp51832 and 2652 cm21 and g55.7 and 7.6 mJ mol21

K 22 ~see Sec. III D! we obtain m* /me;30, with
n51.031021 and 2.131021 cm23 for x50.02 and 0.03, re-
spectively. The latter numbers are consistent with additio
charge carriers of the order of 1 electron per cobalt atom.
x50 and 0.005, the disappearance of the Drude compo
below 40 K prohibits this procedure. However, a simple l
ear extrapolation ofvp for alloys with x,0.02 and taking
into account the correspondingg values results again in
mass enhancementm* /me of the order of 30. In this connec
tion we note that cyclotron masses as high as 14.5me have
been deduced from the results of a study of the de Haas–
Alphen effect of MnSi, a weak itinerant ferromagnet with t
B20 structure.39

C. Magnetic susceptibility

In Fig. 11 we show the real partx8(T) of the complex ac
magnetic susceptibility for the samples withx50.01, 0.02,
and 0.03 between 0.05 and 4 K. In the same tempera
range, thex8(T) curve of nominally pure FeSi follows a
Curie-Weiss-type law with a paramagnetic Curie tempera
Q520.036 K and a very low value of the Curie consta
Well defined maxima in thex8 versusT plots appear at
Tf50.09, 0.40, and 0.67 K for the alloys containing 1, 2, a
3 at % of cobalt, respectively, suggestive of a spin-glass-t
freezing of magnetic moments. Since the appearance o
x8(T) maxima occur at temperatures that increase with
creasingx, this moment-freezing phenomenon is most like
related with the Co substitutions.

Above the respective temperaturesTf the x8 versusT
variations can be well fitted using a Curie–Weiss-type la
The value of the effective moment per cobalt atom increa
with increasing Co concentration. For the samples w
x50.02 and 0.03,Q is positive and of the order ofTf ,
indicating predominantly ferromagnetic interactions. On
contrary, for Fe0.99Co0.01Si, Q is negative and of a much

FIG. 11. Temperature variation of the real partx8(T) of the
complex ac magnetic susceptibility for the Fe12xCoxSi samples
with 0.01<x<0.03, below 4 K.
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smaller absolute value than the correspondingTf , indicating
a trend towards weak antiferromagnetic coupling betwe
magnetic moments. This sign change of the interaction m
be related with a decrease of the characteristic lengthkF

21 of
the RKKY-type interaction with increasing carrier concentr
tion. HerekF is the Fermi wave vector, which, as our ele
trical conductivity results shown before in Sec. III A ind
cate, is expected to continuously increase with Co doping
the level of a few at %.

In Fig. 12 we plot the temperaturesTf at which the
maxima inx8(T) occur, as a function of cobalt concentratio
x. For comparison, in the inset of Fig. 12, we show the Cu
temperaturesTC of Fe12xCoxSi with x>0.05 taken from
Ref. 14. The plotsTf(x) andTC(x) imply that both the mo-
ment freezing and the onset of long-range magnetic or
require that critical concentrations of Co doping are e
ceeded. The occurrence of a critical concentration of m
netic impurities for magnetic-moment freezing is charact
istic of insulating spin glasses with short-range magne
interaction.40 On the other hand this is somewhat unusual
metallic spin glasses with long-range RKKY-type intera
tion. While our electrical conductivitys(T) results indicate
that Fe12xCoxSi samples withx<0.01 are metallic~see Sec.
III A !, the density of itinerant carriers may be insufficient
effectively mediate the magnetic interaction between the
moments. We note surprisingly small values ofTf /x, which
fall in the range between 9 and 22 K. Typical metallic sp
glasses are characterized by much higher values ofTf /x,
e.g.,Tf /x'103 K for Au 12xFex .

40 Values ofTf /x that are
of similar magnitude to our results for Fe12xCoxSi have
previously been reported for the spin-glass syste
La12xGdxAl 2, Y 12xGdxAl 2, and La12xGdxB6, all with a
weak exchange interaction between Gd moments, medi
by itinerant electrons.41

We have also measuredx8(T) curves nearTf for several
excitation frequenciesf in the range between 18 and 630 H
The x8 versusT maxima shift to higher temperatures wit
increasing frequency. Fitting theTf( f ) data with a Vogel-
Fulcher-type relation

FIG. 12. TemperaturesTf at which the maxima inx8(T) occur,
as a function of Co concentrationx. The inset shows the iron-rich
part of the magnetic phase diagram of the Fe12xCoxSi system.
Open circles: Curie temperaturesTC taken from Ref. 14; closed
circles: the temperaturesTf . The lines are guides for the eye.
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t5t0expF Ea

kB~Tf2T0!
G ~7!

and choosingt051310213 s,42 leads to values ofT0 that are
substantially lower than the measuredTf values, indicating
that the relaxation behavior is close to Arrhenius typ
Arrhenius-type relaxations are characteristic of metallic s
glasses with a strongly reduced RKKY interaction and
insulating spin glasses with low concentrations of magn
moments.42 The observed type of relaxation is compatib
with our evaluation of the very small values ofTf /x.

D. Specific heat

The complete set of theCp(T) data for all our samples o
Fe12xCoxSi, with the exception of Fe0.9925Co0.0075Si, in the
temperature range between 0.06 and 30 K, is shown in
13. The same data, in the form ofCp /T versusT2, are plot-
ted in Fig. 14.

First we note a broad maximum inCp /T of nominally
pure FeSi centered at approximately 8.5 K, indicating a la
excess specific heatCex(T). The FeSi results between 1
and 30 K are very well fitted by the sum of contributions
the usual low-temperature electronic and lattice excitati
and a Schottky anomaly resulting from excitations within
two-level system with a single interlevel energyD, i.e.,

Cp5gT1bT31dT51AS D

kBT
D 2

3F11expS D

kBT
D G22

expS D

kBT
D . ~8!

This fit is shown as a solid line through the data points
FeSi in Fig. 14. The Schottky anomaly is characterized b
level separationD'2 meV and an entropy release
0.029 R at 30 K. This Schottky anomaly is distinctly smalle
for the sample withx50.005 and it cannot be identified i
theCp(T) data for the samples withx>0.01 ~see Fig. 14!.
The fitting parametersg, b, andd for the two samples with
0<x<0.005 are given in Table I.

FIG. 13. Specific heatCp of Fe12xCoxSi as a function of tem-
perature between 0.06 and 30 K plotted on log-log scales.
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In Fig. 14, we also show the expected acoustic phon
contribution for FeSi, which we have calculated from t
results of low-temperature measurements of the ela
moduli c11, c44 and

1
2(c112c12) ~Ref. 34! using the Born–

von Kármán formula for the average sound velocityvs ~Ref.
43!

3

vs
3 5r3/2F 2

c44
3/21

1

c11
3/21

3

5
~c122c1112c44!S 1

c44
5/22

1

c11
5/2D G .

~9!

Herer is the mass density. Equation~9! is valid for nearly
isotropic cubic crystals, i.e., when the anisotropy parame

h5
c122c1112c44

c112c44
~10!

is small compared with unity. For FeSih50.21, which in-
dicates a fairly low elastic anisotropy of this material.

The ‘‘elastic’’ Debye temperatureQD
e 5341 K that fol-

lows from the average sound velocityvs obtained in the way
described above is in good agreement with the ‘‘thermo
namic’’ Debye temperaturesQD

t of 369 and 357 K, which
are compatible with the fitted values of the parameterb for
our materials withx50 and 0.005, respectively. In this con
nection we note that for various crystalline solids, includi
such different materials as elemental metals and ionic s

FIG. 14.Cp /T vsT2 of Fe12xCoxSi. The solid and dashed line
indicate the fits of Eqs.~8! and~11! to theCp data for the samples
with x<0.005 andx>0.01, respectively~see text!. The dashed-
dotted line indicates the Debye contribution of acoustic lattice
citations. Inset shows the differenceg2g0 between the coefficients
of the linear terms toCp(T) of the cobalt-doped and pure FeS
plotted as (g2g0)/x vs x.

TABLE I. Parameters of the fits of Eq.~8! to the specific heat
Cp(T) data of Fe12xCoxSi with x50 and 0.005~see text!.

x g, b, d,
~mJ mol21 K22) (mJ mol21 K24) (nJ mol-1K-6)

0 2.2 9.7 9.9
0.005 3.4 10.7 7.7
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the Debye temperaturesQD
t andQD

e often differ by a few
percent even if the latter is determined from low-temperat
elastic-moduli data.43–45

For analyzing theCp(T) data of Fe12xCoxSi with
0.01<x<0.03 at temperatures above 5 K, we recall that
x8(T) results~Sec. III C! indicate these samples to exhibit
spin-glass-type freezing of magnetic moments below 1
Therefore, we assume that the main contributions toCp are
from electronic, lattice, and high-temperature spin-glass
citations, i.e.,

Cp5gT1bT31dT51BT22. ~11!

The fits of theCp(T) data using Eq.~11! are shown as the
dashed lines in Fig. 14. For materials withx>0.01 a precise
evaluation of the cubic termbT3 meets difficulties becaus
of the large magnetic contribution to the specific heat. T
linear termgT, however, can reliably be determined as
appears to be rather insensitive to the details of the fit
procedure. The fitted values ofg andB for Fe12xCoxSi with
0.01<x<0.03 are given in Table II.

For Fe12xCoxSi, the coefficientg of the linear term to
the specific heat above 5 K increases with increasing dopin
level x ~see Tables I and II!. Interpreting the linear term
gT of nominally pure FeSi as being due to an electro
density of states at the Fermi energy, we arrive at a surp
ingly large electronic specific-heat parameter when consi
ing the low concentration of itinerant carriers, as implied
our electrical conductivitys(T) results described in Sec
III A. For cobalt-doped materials, the assumption that
difference (g2g0)T between the linear terms toCp(T) of
doped and pure FeSi corresponds to one itinerant elec
per cobalt impurity, leads to an average value of (g2g0)/x
of 0.2 J mol21 K 22, suggestive of a considerable enhanc
ment of the effective mass~see inset of Fig. 14!. This implies
that at low temperatures the Fermi level resides in a parti
filled narrow band—a rather unusual scenario for ad
transition-metal system.

For Fe12xCoxSi with x>0.02, the magnetic contributio
Cm(T) to the total measured specific heatCp(T), obtained
by subtracting off the estimates of the electronic and
lattice terms, exhibits broad maxima at temperatures that
distinctly higher than the respective freezing temperatu
Tf . This observation is consistent with our conjecture o
spin-glass-type freezing of magnetic moments in these m
rials because in spin glasses a substantial difference betw
Tf and the temperature of the maximum inCp(T) has often
been observed.40 The magnetic entropyDSm, obtained from
the magnetic specific heatCm via

TABLE II. Parameters of the fits of Eq.~11! to the specific heat
Cp(T) data of Fe12xCoxSi with 0.01<x<0.03 ~see text!.

g, B,
x (mJ mol-1K-2) (J mol-1K)

0.01 4.5 0.07
0.02 5.7 0.20
0.03 7.6 0.24
e
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DSm~T!5E
T0

TCm

T8
dT8, ~12!

saturates at 30 K reaching'0.20R per mole of Co~see Fig.
15!. The magnetic entropy released belowTf removes only
about 18 and 25% of the saturation value ofDSm for mate-
rials with x50.02 and 0.03, respectively. This implies a co
siderable short-range order aboveTf , which is a common
feature of spin glasses.40

IV. CONCLUSIONS

The electrical conductivity, the optical reflectivity, th
ac magnetic susceptibility, and the specific heat
Fe12xCoxSi with 0<x<0.03 have been measured in var
ing temperature ranges between 0.05 K and 300 K. Our e
trical conductivity data imply that FeSi is an impur
hybridization-gap semiconductor (Egap'80 meV! at moder-
ate temperatures but enters a semimetallic state with a
small number of itinerant carriers below 0.1 K. TheT1/2

variation of the electrical conductivitys of Fe12xCoxSi
with x50.02 and 0.03 below 0.5 K indicates that the te
perature dependence ofs of these materials close toT50 is
dominated by the diffusion-channel term arising from Co
lomb interaction among itinerant electrons. The optical d
confirm both the magnitude of the gap and the trend to
slight reduction for the alloy with 3 at% Co content.

For Fe12xCoxSi with x>0.01, a spin-glass-type freezin
of magnetic moments is observed between 0.09 and 0.7
The small values ofTf /x and theTf( f ) variations are both
indicative of a weak interaction among the moments. Up
reducing the cobalt concentrationx, this interaction changes
from ferromagnetic to antiferromagnetic in the ran
0.01<x<0.02. This crossover is accompanied by a decre
of Tf /x by a factor of 2 leading to a concave down variati
of Tf versusx.

The specific heatCp(T) of Fe12xCoxSi contains a term
gT that increases with increasingx from 2.1T mJ mol21

FIG. 15. Magnetic entropyDSm of Fe12xCoxSi with x50.02
and 0.03 plotted asDSm /x vs T, below 30 K.
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K 21 for FeSi to 7.6T mJ mol21 K 21 for Fe0.97Co0.03Si. As-
suming that the difference (g2g0)T between the linear
terms ofCp(T) of doped and pure FeSi is due to an add
tional electronic DOS at the Fermi energy and that this D
corresponds to one itinerant electron per cobalt impur
leads to values of (g2g0)/x reaching 0.24 J mol21 K 22,
indicating a considerable enhancement of the effective m
The numerical estimate of the mass enhancement using
tical and specific-heat data, as explained in Sec. III B, gi
m* /me;30, a surprisingly high value for 3d transition-metal
alloys. Thus the low-temperature state of FeSi is that o
strongly correlated metal with a very low concentration
T
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itinerant charge carriers, again a rather unusual feature fo
3d transition-metal compound.
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