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Magnetic response of Fe1ÀxCoxSi alloys: A detailed study of magnetization and magnetoresistanc
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Results of dc magnetization and magnetoresistance measurements are presented for the heliferromagnetic
Fe12xCoxSi alloys withx50.35 and 0.45. The field and temperature dependence of the magnetization suggests
the presence of Stoner-like excitations in these alloys which in turn indicates significant itinerant character of
the ferromagnetic state. Similarities with other weak itinerant electron ferromagnets are pointed out. While the
relatively large and unusual positive magnetoresistance in the ferromagnetic state of these alloys has earlier
been rationalized in terms of quantum interference effect, magnetism probably plays a role in the magnetore-
sistance of these alloys near the Curie temperature and even at temperatures well inside the paramagnetic
regime.
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I. INTRODUCTION

One of the reasons why the narrow-gap semicondu
FeSi has drawn attention over the last 60 years, is its in
esting magnetic properties.1–3 Magnetic susceptibility shows
a broad maximum around 500 K followed by a Curie-We
behavior at higher temperatures.1–3 Previous neutron
diffraction,4 NMR, and Mössbauer measurements5 could not
detect long-range magnetic order in any temperature reg
Jaccarinoet al.2 interpreted such a magnetic response of F
within a picture of a semiconducting band of negligib
bandwidth compared with the band gap. Later on Takaha
and Moriya6 proposed a spin fluctuation model giving a s
isfactory account of the susceptibility and specific heat
FeSi above 100 K. In addition Evangelou and Edwa
pointed out the possibility of ferromagnetic correlations
FeSi.7 Further interest has been generated in the lo
temperature magnetic properties of FeSi through a very
cent work by Sluchankoet al.8 From a magnetization stud
involving high-quality FeSi single crystals, these autho
have suggested the formation of spin polarons in FeSi aT
,100 K which are eventually transformed into ferroma
netic microregions atTC'15 K.8

It is known for quite sometime now that the Co doping
FeSi gives rise to metalic behavior along with long-ran
helimagnetic ordering.9–11 This is in spite of the fact that the
end compound CoSi is a diamagnetic semimetal.12 The dis-
covery of unusual positive magnetoresistance in
Fe12xCoxSi alloys has further increased interest in the
alloys.13 In a recent work we have reported magnetic m
surements on Fe12xCoxSi alloys, highlighting various inter-
esting aspects of the magnetic response in the low-field
low-temperature regime.14 In the present paper we shall in
vestigate the nature of the induced ferromagnetic states15 in
the Fe12xCoxSi alloys in some detail. We shall address to t
question of the degree of localization or itinerancy ofd elec-
trons which are responsible for magnetism in this alloy s
tem. Comparing the present results with the magnetic pr
erties of various other itinerant electron ferromagn
0163-1829/2002/66~17!/174421~7!/$20.00 66 1744
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including the isostructural compound MnSi, we shall sho
the presence of a finite degree of itinerancy in the ferrom
netic character of these Co-doped FeSi alloys. In addit
we shall make an attempt to find a correlation between m
netic properties and interesting magnetoresistance beha
in these alloys.

II. EXPERIMENT

The samples were prepared by argon arc melting fr
metals of nominal 99.99% purity and were subsequently
nealed for 90 h at 900 °C in vacuo.14 Magnetization mea-
surements were performed in a commercial superconduc
quantum interference device~SQUID! magnetometer~Quan-
tum Design, MPMS-5! using a scan length of 4 cm with 3
data points in each scan. Some important results w
checked using a different commercial SQUID magnetome
~Quantum Design! with reciprocating sample option~RSO!
and a vibrating sample magnetometer~VSM! ~Oxford Instru-
ments!. Transverse magnetoresistance measurements
carried out in a 16 T magnet-cryostat system~Oxford Instru-
ments! using a standard dc four-probe technique.

III. RESULTS AND DISCUSSION

In Fig. 1 we show magnetization~M! vs temperature~T!
plots of the Fe0.65Co0.35Si and Fe0.55Co0.45Si alloys between 2
and 100 K. The applied magnetic field of 50 kOe is w
beyond the field for technical saturation ('1 kOe) in these
alloys. The magnetization data could be fitted very well up
temperatures nearingTC ~see Fig. 1! using the following
expression incorporating a superposition of collective el
tron and spin-wave effects:

M ~T!2M ~0!

M ~0!
5bT3/21cT5/21dT21•••. ~1!

Here the leadingT3/2 term is due to excitations of long
wavelength spin waves,16 T5/2 results from spin-wave–spin
wave interactions,16 and theT2 term can arise due to Stone
©2002 The American Physical Society21-1
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band excitations.17 The TC’s of the Fe0.65Co0.35Si and
Fe0.55Co0.45Si alloys are 42 and 37 K, respectively~the
method of determiningTC is described later on in the paper!.
We get the magnitudes ofb, c, and d, respectively, as 52
31025 K23/2, 131025 K25/2, and 1631025K22 for the
Fe0.65Co0.35Si sample and 9531025 K23/2, 4.62
31026 K25/2, and 831025 K22 for the Fe0.55Co0.45Si
sample. The values of theT3/2 term are much larger than th
T2 andT5/2 terms but theT2 term definitely comes out as th
second dominating term. A similarT dependence of the satu
ration magnetization has been observed in the isostruc
weak itinerant electron ferromagnet MnSi~Ref. 18! and also
in other itinerant ferromagnets like ZrZn2 , Ni3Al, Fe-Ni In-
var alloys, and NiPt alloys~see Ref. 19 and reference
therein!. The present result indicates that the temperature
pendence of the saturation magnetization of the conce
~Fe,Co!Si alloys can be rationalized in terms of spin-wa
excitation and a significant contribution coming from Ston
type excitations.

On the basis of the Stoner model it has been shown19–21

that for itinerant electron ferromagnets with homogene
and weak magnetization (M ), M can be expressed as a fun
tion of applied field~H! and temperature~T! with the help of
the following expression:

M2~H,T!52A/B1B21H/M ~H,T!, ~2!

whereA andB are the Landau coefficients. SuchM2(H,T)
vs H/M (H,T) plots are also known in the literature as Arro
plots.22 Ideally, for weak homogeneous magnetization,
Landau coefficientB should be independent ofT, leading to
parallel M2(H,T) vs H/M (H,T) plots at differentT. How-
ever, in various real materials—say, for example, Fe-Ni In
alloys—the Arrott plots are found to be not strictly parallel23

TheT dependence ofB arises from the fact that theM of the

FIG. 1. Temperature dependence of normalized magnetiza
of Fe0.65Co0.35Si and Fe0.55Co0.45Si. The solid lines represent Eq
~1!, and the points represent experimental data.
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Invar alloys was not very weak and thus it was not an id
case of weak itinerant ferromagnetism.23 However, it was
also argued that as long as the Landau expression forM is
valid, the slope of the Arrott plots can be expressed asB21

52x(0,T)@M2(0,T)#, where x(0,T) is the magnetic
susceptibility.23,24 Qualitatively similar behavior has bee
observed in other known weak itinerant ferromagnets l
ZrZn2 ~Ref. 21!, Ni3Al ~Ref. 25 and references within!, and
Ni-Pt alloys ~Ref. 26!.

We shall now relate here Eq.~2! to the experimentally
obtained values ofM for ~Fe,Co!Si alloys as a function ofT
andH with the aim of assessing the possible role of sing
particle excitations. Arrot plots obtained from isotherm
M -H plots ~measured at differentT between 5 and 90 K for
magnetic fields 0 Oe<H<50 kOe) for the alloys
Fe0.65Co0.35Si and Fe0.55Co0.45Si are shown in Figs. 2~a! and
2~b!, respectively. These Arrott plots are straight lines alm
parallel to each other over an appreciable range ofT. They
clearly indicate a significantly weak itinerant electron ferr
magnetic character of the present alloys. The Curie temp
tures (TC’s! determined from these Arrott plots (T at which
the vertical axis intercept is zero! come out to be 42 and 37
K, respectively, for the Fe0.65Co0.35Si and Fe0.55Co0.45Si al-
loys. But theTC’s determined from the minima exhibited b
dM/dT vs T plots are 35 and 30 K~at H520 Oe), respec-
tively, whereas extrapolation from 1/x vs T plots givesTC’s

n

FIG. 2. Arrott plots for Fe0.65Co0.35Si and Fe0.55Co0.45Si ob-
tained fromM vs H data recorded at various constant temperatu
1-2



e
.

ng
rli

ar

ro
lin

e
t

tin

on

-
-
we

of
rted

nd
the
e of

ilar

he

e in
is-

n
s

pt
-

of
in
tri-

MAGNETIC RESPONSE OF Fe12xCoxSi ALLOYS: A . . . PHYSICAL REVIEW B 66, 174421 ~2002!
at 47 and 42 K~at H520 Oe). For the present analysis w
choose to use the value ofTC obtained from the Arrott plots

In Figs. 3~a! and 3~b!, respectively, we plot the high-field
susceptibilityx(H) and the slope of the Arrott plotsB21 as
functions ofT for the alloys Fe0.65Co0.35Si and Fe0.55Co0.45Si.
While x(H) increases quite sharply with increasingT, the
variation ofB21 is roughly linear up to temperatures neari
TC . Very similar characteristics have been observed ea
in Fe-Ni Invar alloys.23 Again, for ideal weak itinerant fer-
romagnets, the vertical axis intercepts of the Arrott plots
expected to follow the following relation:19,20,23

2A/B5M2~0,T!5M2~0,0!@12~T/TC!2#. ~3!

We show theM2(0,T) vs (T/TC)2 plots for the present two
alloys in Fig. 3~c!. M2(0,T) varies roughly linearly with
(T/TC)2 up to temperatures close toTC . While such a scal-
ing behavior generally points towards the itinerant elect
character of the present alloys, the small deviation from
earity might be due to the nonidealT dependence of the
Landau coefficientB. On a cautious note it can therefore b
said that the~Fe,Co!Si alloys are not perfectly weak itineran
ferromagnets. It is to be noted that the evidence of the i

FIG. 3. ~a! Temperature dependence of the high-field susce
bility of Fe0.65Co0.35Si and Fe0.55Co0.45Si. ~b! Temperature depen
dence of the slope of the Arrott plots of Fe0.65Co0.35Si and
Fe0.55Co0.45Si obtained belowTC . ~c! Near-linear variation of
M2(0,T) with (T/TC)2 at temperatures belowTC for Fe0.65Co0.35Si
and Fe0.55Co0.45Si.
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erant electron character in some other Fe12xCoxSi alloys was
earlier observed in low-T specific heat, NMR, and Mo¨ss-
bauer studies27 and also in high-pressure magnetizati
studies.28

Figure 4 shows theT variation of the normalized resis
tance of the Fe0.55Co0.45Si alloy between 4.5 and 200 K un
der different applied magnetic fields. For conciseness,
present the results on the Fe0.55Co0.45Si alloy only. The resis-
tance shows typical metallic behavior aboveTC , but an in-
teresting deviation occurs asT is lowered belowTC . In this
latterT regime, the resistance tends to rise with a lowering
temperature. Similar behavior in the resistance was repo
earlier for the same alloy systems.10,13 Beille et al.10 attrib-
uted this behavior to thedisorder of the repartition of the
magnetic moments in the helix due to alloying effects. An-
other source may lie in the effect of splitting of the narrowd
band ~which exists between the Fermi levels of FeSi a
CoSi! into two subbands. This might lead to a decrease of
density of states at the Fermi level and cause an increas
resistivity.10 In our present sample the resistivity has aT1/2

temperature dependence well belowTC . This might be taken
as a signature of a quantum interference effect. A sim
resistivity minimum in thebadly metallicitinerant ferromag-
net SrRuO3 was attributed to the inherent tendency of t
electronic states to become localized inbad metals.29

One of the interesting aspects of the magnetic respons
~Fe,Co!Si alloys is the relatively large positive magnetores
tance „MR5@R(H)-R(0)#/R(0)… observed in these
materials.13 A positive MR has also been observed in ZrZ2
in the T regime below about 10 K which is well below it
ferromagnetic transition temperature (TC'22 K).30 This

i-

FIG. 4. Temperature dependence of the resistance ratio
Fe0.55Co0.45Si at various applied magnetic fields. The solid lines
the inset represent the results of curve fitting incorporating con
butions from spin fluctuations and lattice vibrations~see text for
details! for T.TC , for two applied fieldsH50 and 100 kOe.
1-3
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positive MR in ZrZn2 was thought to be Kohler-type norma
MR arising out of the orbital motion of the conduction ele
trons in a magnetic field. Above 10 K, this is dominated
MR due to spin fluctuations giving an overall negative MR30

In the present~Fe,Co!Si system, however, the MR is of
relatively large value and remains positive in the wholeT
regime right from well belowTC to well aboveTC ~see Fig.
5!. Also the MR shows a small peak and remains wea
temperature dependent in theT regime belowTC @see Fig. 5
and also Fig. 2~b! of Manyalaet al.13#. It is now well known
that weak localization and enhanced electron-electron in
actions play influential roles in the resistivity and MR
wide variety of disordered conductors.31,32A scaling analysis
for disordered paramagnets with electron-electron inte
tions has been successfully applied to understand the fi
temperature dependence of the resistivity across the m
insulator transition in P-doped Si~Ref. 33!. Manyalaet al.13

extended a similar scaling analysis for~Fe,Co!Si ferromag-
nets by adding a contribution of the internal field of t
ferromagnet to the field parameter and obtained good ag
ment with their magnetotransport data. We did not meet w
much success with a similar scaling analysis of our MR da
but this can probably be attributed to a lack of data in
low-T regime (T,4 K). However, in the isothermal field
variation of MR for the present Fe0.55Co0.45Si alloy ~see Fig.
6!, an asymptoticH1/2 is observed in the high-field (H
.50 kOe) and low-temperature (T!TC) regime~see the in-
set of Fig. 6!. Positive MR with such high-field asymptoti
H1/2 behavior is indicative of a quantum interference effe
~Refs. 13 and 32, and references therein!.

While a negative MR is usually expected in systems w
long-range magnetic order due to the suppression of
fluctuations by the external magnetic field, the occurrence
positive MR in magnetic systems is not very uncommo
Relatively large positive MR has been reported in vario

FIG. 5. Temperature dependence of the magnetoresistanc
Fe0.55Co0.45Si for different applied magnetic fields.
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ordered antiferromagnetic compounds34 and in ferromagnetic
compounds with hints of antiferromagnetic fluctuations.35,36

Even in elemental rare-earth Nd, which has a complica
magnetic structure, a positive magnetoresistance has
observed at lowT.37 Yamada and Takada38 and Balberg39

have theoretically discussed the possibility of positive MR
systems with antiferromagnetic correlations. The helical s
structure of the present~Fe,Co!Si alloys arises via
Dzyaloshinski-Moriya interactions10,11 and indicates some
kind of competition between ferromagnetism and antifer
magnetism. Hence the existence of some antiferromagn
correlations in these alloys is not unexpected,40 and their
contributions to the positive MR cannot be ruled out entire
Similar antiferromagnetic fluctuations in the band ferroma
net CeFe2 ~Ref. 41! is possibly the cause for relatively larg
positive MR in that compound36 at low temperatures.

For our present Fe0.55Co0.45Si sample theH dependence of
MR in the T regime belowTC ~37 K! can roughly be fitted
with an expressionaH1bH1/2 with the linear term dominat-
ing more and more with the increase inT. A deviation from
this behavior takes place with further increase inT across
TC . However, aH2 dependence of normal~Kohler! MR is
observed only in theT regime around 100 K which is wel
above theTC of the alloy in question~see the inset of Fig. 6!.
It is clear from Fig. 6 that a substantial contribution to po
tive MR remains aboveTC from sources other than the sta
dard Lorentz contribution. With less likelihood of a quantu
interference effect taking place aboveTC , this source may
be of magnetic origin.

In various magnetically ordered systems a definite co

of

FIG. 6. Magnetic field dependence of the magnetoresistanc
and Fe0.55Co0.45Si at different temperatures. The insets show t
H1/2 andH2 variations of magnetoresistance, in the low- and high
regimes, respectively.
1-4
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lation can actually be found betweenM and MR~see Ref. 42
and references therein!. In our present~Fe,Co!Si alloys no
definite correlation betweenM and MR could be found in the
low-T regime below roughly 0.8TC . However, as we ap
proach and go acrossTC an Mn dependence of MR is ob
served withn varying from 3 to 1 asT goes from 32 to 65 K.
Again, in the higher-T regime, roughly above 1.5TC , no
straightforward correlation could be found between MR a
M. This along with the rather slow decrease of MR aboveTC
~see Fig. 5! further adds to the idea of a possible contributi
to the MR coming from magnetic fluctuations in thisT re-
gime. It is important to note here that in the sameT regime
aboveTC , M shows substantial nonlinearity in its field d
pendence, indicating the presence of short-range correla
and spin fluctuations. To investigate this matter further
have estimated the change in magnetic entropy@DS(T)# at
variousT both below and aboveTC from our magnetization
data.DS(T) is related to the change in bulk magnetization
a function ofT andH and is expressed as43

DS~T!5E
H1

H2F]M ~T,H !

]t G
H

dH. ~4!

The ]M /]T vs H plots are generated at variousT from iso-
thermal M -H curves.DS(T)’s are obtained by integrating
the area under this curve and are plotted for Fe0.65Co0.35Si
and Fe0.55Co0.45Si alloys as functions ofT in Fig. 7. While
DS shows a maximum atTC , it retains a significant value
even in theT regime up to 2TC . Stoner excitations canno
explain such a magnetic response aboveTC . However, this
is still consistent with the picture of itinerant electron ferr
magnetism as the spin fluctuation theory proposed
Moriya44 has shown that magnetic excitations can persis
weak itinerant ferromagnets in temperatures well aboveTC .
The observation of paramagnetic spin fluctuations in neu

FIG. 7. Temperature dependence of the change of magnetic
tropy of Fe0.65Co0.35Si and Fe0.55Co0.45Si estimated from isotherma
M vs H data.
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scattering measurements in MnSi~Ref. 45! and in Ni-Fe In-
var alloys~Ref. 46! have supported strongly the validity o
the spin fluctuation theory proposed by Moriya. It should
noted here that a significantly large value of MR is observ
in the paramagnetic regime well aboveTC in MnSi as well.13

However, in contrast to the~Fe,Co!Si alloys the MR in MnSi
is negative in nature.13 It is important to note here that
neutron scattering study has revealed that spin correlation
the paramagnetic state of MnSi can effectively be treated
that of a ferromagnetic material.47 Hence negative MR in the
paramagnetic state of MnSi can be explained in terms of
suppression of spin fluctuations by an external magn
field. In this respect a non-Kohler-type positive MR of~Fe-
,Co!Si alloys remains a puzzle to be solved. It will now b
interesting to probe the exact nature of the spin correlati
in the paramagnetic state in relation to the helimagnetic s
of ~Fe,Co!Si alloys with neutron scattering measurements

The possible presence of spin fluctuations in FeSi a
Fe0.95Co0.05Si has actually been suggested in some previ
reports.10,48 The T dependence of the normalized resistan
of the present samples aboveTC can be expressed in terms o
contributions due to spin fluctuations,49 lattice vibration,50

and aT-independent term. The results of such curve fittin
for H50 Oe and H5100 kOe, for the Fe0.55Co0.45Si
sample, are shown in the inset of Fig. 4.@Data for the other
applied fields and for the other sample (Fe0.65Co0.35Si) are
not presented here for the sake of conciseness.# While the
calculated phonon component came out nearly linear in thT
regime considered here, the deviation from linearity at te
peratures aboveTC seems to result from the scattering
electrons by spin fluctuations.

In our previous work14 we have reported that theM -H
curves in the~Fe,Co!Si alloys are reversible in the field re
gime above the field for technical saturation (Hsat) and an
anomalous kind of invertedM -H loop opens up in the field
regime belowHsat . However, there are certain questions th
remained unanswered.

~1! Can such inverted loops occur due to some contriv
history effects of the superconducting magnets?

~2! Since the area of the hysteresis loop represents the
ergy dissipation per cycle, does the inverted hystere
loop violate the second law of thermodynamics51?

Superconducting magnets can indeed show history eff
due to the persistent currents circulating inside the filame
of a superconducting cable.52 This is now a known problem
for accelerator magnets and studied in quite detail during
decade.52 However, these persistent currents actually caus
damping effect during the change of field. Experimental
tifacts caused by this will generate a positive hysteresis l
in a magnetic sample with otherwise reversible response.
other possible source is the proximity effect coupling in t
low-field response of the superconducting magnets.53 This
will also generate a positive hysteresis loop as an experim
tal artifact. Hence such history effects cannot provide an
planation of the low-H low-T inverted hysteresis loop ob
served in~Fe,Co!Si alloys.

n-
1-5
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We have now measured our~Fe,Co!Si samples using a
VSM and SQUID magnetometer with RSO option. In t
VSM measurements we have used a slow sweep rate of
T/min and an amplitude of vibration of 1 mm. The inverte
nature of the low-fieldM -H loop is clearly observed in thes
measurements. However, in the VSM measurements afte
closure of the inverted loop a positiveM -H loop is observed
in the H regime aboveHsat ~see Fig. 8!. In the higher-H
regime this positiveM -H loop closes and the magnetizatio
becomes reversible. The above-mentioned intermediate-
positive M -H loop was not observed in our previou
measurements14 with SQUID magnetometers where we ha
used a scan length of 4 cm. We now find that on varying
scan length, while the lower-field inverted hysteresis lo
does not change qualitatively, for intermediate-field value
positive hysteresis loop is observed clearly in SQUID m
netometer measurements with a 2 cmscan length.54 The low-
field inverted hysteresis loop is probably associated with
low-field state of the~Fe, Co!Si alloys which has both clock

FIG. 8. Magnetization vs field data for Fe0.65Co0.35Si recorded in
the VSM showing negative hysteresis in the field regime be
technical saturation and positive hysteresis above it.
.

S
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wise and counterclockwise helixes.11 On the other hand, a
positive hysteresis loop aboveHsat is characteristic of the
field-induced helical state with clockwise helix,11 and to-
gether they make the completeM -H loop in ~Fe,Co!Si alloys
consistent with the second law of thermodynamics. It mig
not be totally out of place to mention here that anM -H loop
with small positive hysteresis has recently been obser
both in polycrystal54 and single-crystal55 samples of pure
FeSi below 10 K.

IV. CONCLUSION

One of the interesting questions on the physical proper
of ~Fe,Co!Si alloys is whether the magnetic properties
these alloys are related to the electron involved in the tra
port properties. An early work provided a negative answe
this question.56 A subsequent study of magnetization, speci
heat, Mössbauer, and NMR, however, clearly suggested t
the magnetic electrons are itenerant in natureand the onset
of ferromagnetism in~Fe,Co!Si alloys could be understoo
in terms of the Stoner model.27 A more recent study of po-
larized neutron scattering in~Fe,Co!Si alloys has also em
phasized the itinerant electron character of ferromagnet
in this alloy system.57 Our detailed magnetization and ma
netotransport study supports these latter views and sugg
that the induced ferromagnetic state in~Fe,Co!Si alloys is
indeed itinerant in nature. We have found enough evide
of Stoner-type excitations in theH-T dependence of magen
tization of these alloys. In addition there exist signatures
spin fluctuations and magnetic short-range order in our m
netization, magnetoresistance, and magnetocaloric e
measurements in the temperature regime well aboveTC , this
behavior can be rationalized using Moriya’s theory of sp
fluctuations.44 In support of the earlier work of Manyalaet
al.,13 we have found some evidence of a quantum interf
ence effect in the magnetoresistance measurements at loT.
However, it seems that magnetic properties also influence
magnetoresistance in the~Fe,Co!Si alloys especially nea
and aboveTC , and well inside the paramagnetic regim
Overall it appears that the magnetism of~Fe,Co!Si alloys
does play a role in the transport properties, but this role
more complicated than that in the isostructural itinerant f
romagnet MnSi. We believe the present results will prov
some pointers towards a proper understanding of the in
esting magnetic and transport properties of~Fe,Co!Si alloys.
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