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Magnetic response of Fe_,Co,Si alloys: A detailed study of magnetization and magnetoresistance
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Results of dc magnetization and magnetoresistance measurements are presented for the heliferromagnetic
Fe, _,Cq,Si alloys withx=0.35 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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[. INTRODUCTION including the isostructural compound MnSi, we shall show
the presence of a finite degree of itinerancy in the ferromag-
One of the reasons why the narrow-gap semiconductonetic character of these Co-doped FeSi alloys. In addition,
FeSi has drawn attention over the last 60 years, is its intewe shall make an attempt to find a correlation between mag-
esting magnetic properti¢s® Magnetic susceptibility shows netic properties and interesting magnetoresistance behavior
a broad maximum around 500 K followed by a Curie-Weissin these alloys.
behavior at higher temperaturkS. Previous neutron
diffraction? NMR, and Masbauer measuremehtould not Il. EXPERIMENT
detect long-range magnetic order in any temperature regime. .
Jaccarincet al2 interpreted such a magnetic response of FeSi 1he samples were prepared by argon arc melting from
within a picture of a semiconducting band of negligible Metals of nominal 99.99% purity and were subsequently an-
bandwidth compared with the band gap. Later on Takahastiealed for 90 h at 900°C in vacdb.Magnetization mea-
and Moriy& proposed a spin fluctuation model giving a sat-Surements were performe.d in a commercial superconducting
isfactory account of the susceptibility and specific heat induantum interference devi¢8QUID) magnetometefQuan-
FeSi above 100 K. In addition Evangelou and Edwarddum Design, MPMS-busing a scan length of 4 cm with 32
pointed out the possibility of ferromagnetic correlations indata points in each scan. Some important results were
FeSi/ Further interest has been generated in the lowchecked using a different commercial SQUID magnetometer
temperature magnetic properties of FeSi through a very relQuantum Designwith reciprocating sample optiofRSO
cent work by Sluchanket al® From a magnetization study and a vibrating sample magnetomeft¢&M) (Oxford Instru-
involving high-quality FeSi single crystals, these authorsmer!ts)- Transverse magnetoresistance measurements were
have suggested the formation of spin polarons in Fegi at carried outin a 16 T magnet-cryostat systedxford Instru-
<100 K which are eventually transformed into ferromag-mMents using a standard dc four-probe technique.
netic microregions alo~15 K.2
It is known for quite sometime now that the Co doping in ll. RESULTS AND DISCUSSION
FeSi gives rise to metalic behavior along with long-range
helimagnetic ordering-! This is in spite of the fact that the
end compound CoSi is a diamagnetic semim¥tdlhe dis-
covery of unusual positive magnetoresistance in th
Fe _«CoSi alloys has further increased interest in thes
alloys®® In a recent work we have reported magnetic mea
surements on ke ,Caq,Si alloys, highlighting various inter-
esting aspects of the magnetic response in the low-field al
low-temperature regim¥. In the present paper we shall in-
vestigate the nature of the induced ferromagnetic States M (T)—M(0)
the Fg_,Cq,Si alloys in some detail. We shall address to the 7
question of the degree of localization or itinerancydadlec- M(0)
trons which are responsible for magnetism in this alloy sys- Here the leading™®'? term is due to excitations of long-
tem. Comparing the present results with the magnetic propwavelength spin wave$, T2 results from spin-wave—spin-
erties of various other itinerant electron ferromagnetswave interactions® and theT? term can arise due to Stoner

In Fig. 1 we show magnetizatiofM) vs temperaturéT)
plots of the Fgg:Cqy 3sS5i and Fg 55Coy 4551 alloys between 2
nd 100 K. The applied magnetic field of 50 kOe is well
eyond the field for technical saturatios:{ kOe) in these
alloys. The magnetization data could be fitted very well up to
temperatures nearinc (see Fig. 1 using the following
n%xpression incorporating a superposition of collective elec-
tron and spin-wave effects:

=bT¥2+cT24+dT2+ - - .. 1)
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FIG. 1. Temperature dependence of normalized magnetization !
of Fey gLy 3551 and FgsCay4sSi. The solid lines represent Eq. v 3K
. . + 40K
(1), and the points represent experimental data. X 42K
* 45K
O 50K
band excitationd! The Tc's of the FggCoysSi and . s
Fey5:Cy 45Si alloys are 42 and 37 K, respectivelyhe - 70K
method of determinind ¢ is described later on in the paper e & 4 _ &1 5 oo
We get the magnitudes df, ¢, and d, respectively, as 52 0 5000 10000 15000 20000
X105 K %2 1x10 %K %2 and 16<10 °K 2 for the H/M (Oe emu™ g)
FeelosSi sample and 9810 °K %2  4.62 _ _
X106 K 52 and 8<10° 5K 2 for the F@ 5:COp 4:Si FIG. 2. Arrott plots for FggC0y3sSi and Fgs£Coy4sSi 0ob-

sample. The values of tHE®? term are much larger than the tained fromM vs H data recorded at various constant temperatures.

2 5/2 2 T
T* andT terms but thel te_rm_deﬂmtely comes out as the Invar alloys was not very weak and thus it was not an ideal
second dominating term. A simildrdependence of the satu-

: i . . case of weak itinerant ferromagneti$inHowever, it was
ration magnetization has been observed in the isostructur F g

Aso argued that as long as the Landau expressioMfa
weak itinerant electron ferromagnet Mn&ef. 18 and also . =
. o - ; : valid, the sl f the Arr I n Xpr
in other itinerant ferromagnets like ZrZnNizAl, Fe-Ni In- alid, the slope of the Arrott plots can be expresseas

) =2x(0T)[M?2(0,T)], where x(0T) is the magnetic
var alloys, and NiPt alloyssee Ref. 19 and references susceptibility?®>?* Qualitatively similar behavior has been

therein. The present result indicates that the temperature ded served in other known weak itinerant ferromagnets like

pendence of the saturation magnetization of the concernegl - - e
: . > . : , (Ref. 21, NisAl (Ref. 25 and references withinand
(Fe,CoSi alloys can be rationalized in terms of spin-wave \; oy alloys (Ref. 26.

excitation and a significant contribution coming from Stoner-
type excitations.

On the basis of the Stoner model it has been sH&vh
that for itinerant electron ferromagnets with homogeneou
and weak magnetizatioM), M can be expressed as a func-
tion of applied field(H) and temperaturér) with the help of
the following expression:

We shall now relate here Eq2) to the experimentally
obtained values of for (Fe,CqgSi alloys as a function of
andH with the aim of assessing the possible role of single-
%article excitations. Arrot plots obtained from isothermal
M-H plots (measured at different between 5 and 90 K for
magnetic fields 0 OeH=<50 kOe) for the alloys
Fey 6C0y 3551 and FgsCoy 4551 are shown in Figs.(2) and

M2(H,T)=—A/B+B~H/M(H,T) ) 2(b), respectively. These Arrott plots are straight lines almost

' T parallel to each other over an appreciable rang&.cfhey

whereA andB are the Landau coefficients. Subi?(H,T) clearly indicate a significantly weak itinerant electron ferro-
vsH/M(H,T) plots are also known in the literature as Arrott magnetic character of the present alloys. The Curie tempera-
plots?? Ideally, for weak homogeneous magnetization, thetures (T¢'s) determined from these Arrott plotd (at which
Landau coefficienB should be independent at leading to  the vertical axis intercept is zereome out to be 42 and 37
parallelM?(H,T) vs H/M(H,T) plots at differentT. How- K, respectively, for the RgCoy3sSi and Fgs4Cay 4551 al-
ever, in various real materials—say, for example, Fe-Ni Invatoys. But theT.’s determined from the minima exhibited by
alloys—the Arrott plots are found to be not strictly paraffel. dM/dT vs T plots are 35 and 30 Kat H=20 Oe), respec-
The T dependence d arises from the fact that thd of the  tively, whereas extrapolation fromLA/s T plots givesT¢'s
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(T/T C)2 erant electron character in some othey E£0,Si alloys was

o _earlier observed in low- specific heat, NMR, and Mas-
FIG. 3. (a) Temperature dependence of the high-field susceptihauer studiéd and also in high-pressure magnetization
bility of Feg ¢C0y 3551 and FgsCay 4551, (b) Temperature depen- gt dies?®
dence of the slope of the Arrott plots of f@CayssSi and Figure 4 shows thd variation of the normalized resis-
qu)'SSCOOAS-SI obtalngd belowTc. (c) Near-linear variation pf tance of the FgseCay4:Si alloy between 4.5 and 200 K un-
M éOF'T) with (gTC) at temperatures beloWe for FessC3s51  ger different applied magnetic fields. For conciseness, we
and F@ 5sC 004531 present the results on the JzgCq, 4sSi alloy only. The resis-

_ i tance shows typical metallic behavior abovg, but an in-
at 47 and 42 KatH=20 Oe). For the present analysis We (o re5ting deviation occurs dsis lowered belowTc . In this

choose to use the value BE obtained from the Arrott plots. |51erT regime, the resistance tends to rise with a lowering of

In Figs. 3a) and 3b), respectively, we plot the h'qfl"f'e'd temperature. Similar behavior in the resistance was reported
susceptibilityx(H) and the slope of the Arrott ploB ™~ as  gyjier for the same alloy systertfst® Beille et al2° attrib-
functions ofT for the alloys FgeCop 3551 and FgssC00.4s51.  yted this behavior to thelisorder of the repartition of the
While y(H) increases quite sharply with increasiigthe magnetic moments in the helix due to alloying effeais-
variation ofB* is roughly linear up to temperatures nearing gther source may lie in the effect of splitting of the narrdw
Tc. Very similar characteristics have been observed earlieggng (which exists between the Fermi levels of FeSi and
in Fe-Ni Invar aIon§2.3 Again, for ideal weak itinerant fer- - cqsj into two subbands. This might lead to a decrease of the
romagnets, the vertical axis intercepts ofzghzg Arrott plots argjensity of states at the Fermi level and cause an increase of
expected to follow the following relatiot?:** resistivity® In our present sample the resistivity had &

_ _\2 2 -~ 2 temperature dependence well beldw. This might be taken
AIB=MA(0,N=MA0.0[1=(T/Tc)"]. ©® as a signature of a quantum interference effect. A similar

We show theM?(0,T) vs (T/Tc)? plots for the present two resistivity minimum in thebadly metallicitinerant ferromag-
alloys in Fig. 3c). M?(0,T) varies roughly linearly with net SrRuQ was attributed to the inherent tendency of the
(T/To)? up to temperatures close Tq-. While such a scal-  electronic states to become localizedbiad metals”®
ing behavior generally points towards the itinerant electron One of the interesting aspects of the magnetic response in
character of the present alloys, the small deviation from lin{Fe,CgSi alloys is the relatively large positive magnetoresis-
earity might be due to the nonidedl dependence of the tance (MR=[R(H)-R(0)]/R(0)) observed in these
Landau coefficienB. On a cautious note it can therefore be materials:® A positive MR has also been observed in Z5Zn
said that théFe,C9Si alloys are not perfectly weak itinerant in the T regime below about 10 K which is well below its
ferromagnets. It is to be noted that the evidence of the itinferromagnetic transition temperaturéf d~22 K).*° This
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FIG. 5. Temperature dependence of the magnetoresistance of
Fe, 5:Coy 455i for different applied magnetic fields.

positive MR in ZrZn, was thought to be Kohler-type normal ~ FIG. 6. Magnetic field dependence of the magnetoresistance of
MR arising out of the orbital motion of the conduction elec- and Fgs:Coy 45Si at different temperatures. The insets show the
trons in a magnetic field. Above 10 K, this is dominated byHl’2 andH? variations of magnetoresistance, in the low- and high-T
MR due to spin fluctuations giving an overall negative KR. regimes, respectively.
In the preseniFe,C9gSi system, however, the MR is of a
relatively large value and remains positive in the whle ordered antiferromagnetic compouftiand in ferromagnetic
regime right from well belowT - to well aboveT (see Fig. compounds with hints of antiferromagnetic fluctuation®®
5). Also the MR shows a small peak and remains weaklyEven in elemental rare-earth Nd, which has a complicated
temperature dependent in tfi@egime belowT [see Fig. 5 magnetic structure, a positive magnetoresistance has been
and also Fig. @) of Manyalaet al.'®]. It is now well known observed at lowT.®” Yamada and Takaddand Balberd’
that weak localization and enhanced electron-electron intehave theoretically discussed the possibility of positive MR in
actions play influential roles in the resistivity and MR of systems with antiferromagnetic correlations. The helical spin
wide variety of disordered conductots®?A scaling analysis ~ structure of the present(Fe,CoSi alloys arises via
for disordered paramagnets with electron-electron interac®zyaloshinski-Moriya interactiod$** and indicates some
tions has been successfully applied to understand the field&ind of competition between ferromagnetism and antiferro-
temperature dependence of the resistivity across the metaiRagnetism. Hence the existence of some antiferromagnetic
insulator transition in P-doped $Ref. 33. Manyalaet al’®  correlations in these alloys is not unexpectednd their
extended a similar scaling analysis fdte,C9Si ferromag-  contributions to the positive MR cannot be ruled out entirely.
nets by adding a contribution of the internal field of the Similar antiferromagnetic fluctuations in the band ferromag-
ferromagnet to the field parameter and obtained good agre@get CeFe (Ref. 4]) is possibly the cause for relatively large
ment with their magnetotransport data. We did not meet witrpositive MR in that compound at low temperatures.
much success with a similar scaling analysis of our MR data, For our present kg:Cq, 4551 sample théd dependence of
but this can probably be attributed to a lack of data in theMR in the T regime belowT¢ (37 K) can roughly be fitted
low-T regime (T<4 K). However, in the isothermal field with an expressiomH + bH2 with the linear term dominat-
variation of MR for the present Gg<Caq, 4:Si alloy (see Fig.  ing more and more with the increaseTnA deviation from
6), an asymptoticH'? is observed in the high-fieldH  this behavior takes place with further increaseTiracross
>50 kOe) and low-temperaturd € T¢) regime(see the in-  T¢. However, aH? dependence of norm#Kohler) MR is
set of Fig. 6. Positive MR with such high-field asymptotic observed only in th@ regime around 100 K which is well
HY2 behavior is indicative of a quantum interference effectabove theT¢ of the alloy in questiorisee the inset of Fig.)6
(Refs. 13 and 32, and references thexein It is clear from Fig. 6 that a substantial contribution to posi-
While a negative MR is usually expected in systems withtive MR remains abové&  from sources other than the stan-
long-range magnetic order due to the suppression of spidard Lorentz contribution. With less likelihood of a quantum
fluctuations by the external magnetic field, the occurrence ointerference effect taking place aboVe, this source may
positive MR in magnetic systems is not very uncommon.be of magnetic origin.
Relatively large positive MR has been reported in various In various magnetically ordered systems a definite corre-
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9000 T scattering measurements in Mn&ef. 45 and in Ni-Fe In-
E . var alloys(Ref. 46 have supported strongly the validity of
8000 ¢ o o the spin fluctuation theory proposed by Moriya. It should be
E noted here that a significantly large value of MR is observed
7000 oy, E in the paramagnetic regime well aboVg in MnSi as well*3
? ” However, in contrast to th@=e,C9Si alloys the MR in MnSi
-~ 8000 ¢ 8 o . 3 is negative in natur& It is important to note here that a
f‘ 5 ] neutron scattering study has revealed that spin correlations in
> 5000F 8 the paramagnetic state of MnSi can effectively be treated as
3 E o oo that of a ferromagnetic materi&l Hence negative MR in the
9 4000 £ paramagnetic state of MnSi can be explained in terms of the
' a suppression of spin fluctuations by an external magnetic
3000 o 3 field. In this respect a non-Kohler-type positive MR (-
] — . ] ,C0)Si alloys remains a puzzle to be solved. It will now be
2000 ; EEEL‘“E?-“;:: & interesting to probe the exact nature of the spin correlations
E e o o in the paramagnetic state in relation to the helimagnetic state
1000 bbb bbb beiatin

of (Fe,CqSi alloys with neutron scattering measurements.
The possible presence of spin fluctuations in FeSi and
Fe, osC0y 05Si has actually been suggested in some previous
FIG. 7. Temperature dependence of the change of magnetic eieportst®*® The T dependence of the normalized resistance
tropy of Fg ¢:C0y 3sSi and Fgs£Coy 4sSi estimated from isothermal  of the present samples aboVg can be expressed in terms of
M vs H data. contributions due to spin fluctuatiofi$ lattice vibration>®
and aT-independent term. The results of such curve fittings
lation can actually be found betwedhand MR(see Ref. 42 for H=0 Oe and H=100 kOe, for the FgCay,Si
and references therginin our presentFe,C9Si alloys o sample, are shown in the inset of Fig.[Bata for the other
definite cqrrelation betweed and MR could be found in the applied fields and for the other sample §E&0y3:Si) are
low-T regime below roughly 0:B;. However, as we ap- ot presented here for the sake of concisef@shile the
proach and go acrosk: an M" dependence of MR is ob-  ¢5\0ated phonon component came out nearly linear i the
served witm varying from 3 to 1 ad goes from 3210 65 K. (o ime considered here, the deviation from linearity at tem-

A:[ga_lnr,mln thedhlghefll-' treglme,léobug]tlly a(ljbgvte 1T%’Mn|§ OPeratures abov@ . seems to result from the scattering of
straightforward correlation could be found between and, . trons by spin fluctuations.

M. This along with the rather slow decrease of MR abdye In our previous work we have reported that thiel-H
(see Fig. b further adds to the idea of a possible contrlbutloncurves in the(Fe,CSi alloys are reversible in the field re-

to the MR coming from magnetic fluctuations in thisre- ) ) : .
gime. It is important to note here that in the safeegime ~ 9'M€ above Fhe f|el.d el saturatldﬁsgf) and an
aboveTc, M shows substantial nonlinearity in its field de- @nomalous kind of invertet-H loop opens up in the field

pendence, indicating the presence of short-range correlatidig9ime belowHs,;. However, there are certain questions that
and spin fluctuations. To investigate this matter further we'@mained unanswered.

have estimated the change in magnetic entfap$(T)] at (1) can such inverted loops occur due to some contrived

0 20 30 40 50 60 70 80
T(K)

1

variousT both below and abové&. from our magnetization history effects of the superconducting magnets?
data.AS(T) is related to th.e change in bulk magnetization aS2) Since the area of the hysteresis loop represents the en-
a function of T andH and is expressed &s ergy dissipation per cycle, does the inverted hysteresis
o IHZ IM(T.H) N " loop violate the second law of thermodynami@s
(M= H1 at H ' Superconducting magnets can indeed show history effects

due to the persistent currents circulating inside the filaments
The dM/4T vs H plots are generated at variolifrom iso-  of a superconducting cabté This is now a known problem
thermal M-H curves.AS(T)’s are obtained by integrating for accelerator magnets and studied in quite detail during last
the area under this curve and are plotted fog 580y 3s5i  decade’? However, these persistent currents actually cause a
and FgsCoy 45Si alloys as functions of in Fig. 7. While  damping effect during the change of field. Experimental ar-
AS shows a maximum af, it retains a significant value tifacts caused by this will generate a positive hysteresis loop
even in theT regime up to 4. Stoner excitations cannot in a magnetic sample with otherwise reversible response. An-
explain such a magnetic response abdye However, this other possible source is the proximity effect coupling in the
is still consistent with the picture of itinerant electron ferro- low-field response of the superconducting magr&this
magnetism as the spin fluctuation theory proposed bywill also generate a positive hysteresis loop as an experimen-
Moriya* has shown that magnetic excitations can persist irtal artifact. Hence such history effects cannot provide an ex-
weak itinerant ferromagnets in temperatures well abbye  planation of the lowH low-T inverted hysteresis loop ob-
The observation of paramagnetic spin fluctuations in neutroserved in(Fe,CgSi alloys.
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wise and counterclockwise helix€sOn the other hand, a
positive hysteresis loop abovd,,; is characteristic of the
field-induced helical state with clockwise hef,and to-
gether they make the comple-H loop in (Fe,CgSi alloys
consistent with the second law of thermodynamics. It might
not be totally out of place to mention here thatMrH loop

with small positive hysteresis has recently been observed
both in polycrystal* and single-crystat samples of pure
FeSi below 10 K.

10

IV. CONCLUSION

One of the interesting questions on the physical properties
of (Fe,CgSi alloys is whether the magnetic properties of

)Si

L (50005 ; these alloys are related to the electron involved in the trans-

2 o Virgin at 4.6K ] port properties. An early work provided a negative answer to
F —— H decreasing | this questior’® A subsequent study of magnetization, specific
------ Hincreasing | heat, M®ssbauer, and NMR, however, clearly suggested that
. the magnetic electrons are itenerant in natumed the onset
03 04 05 of ferromagnetism inFe,C9Si alloys could be understood
H (104 Oe) in terms of the Stoner modé&{.A more recent study of po-
larized neutron scattering iFe,C9gSi alloys has also em-
FIG. 8. Magnetization vs field data for FgCoy 5Si recorded in  phasized the itinerant electron character of ferromagnetism
the VSM showing negative hysteresis in the field regime belowjn this alloy Systerﬁ? Our detailed magnetization and mag-
technical saturation and positive hysteresis above it. netotransport study supports these latter views and suggests
that the induced ferromagnetic state (fre,CQSi alloys is
We have now measured o(Fe,CoSi samples using a indeed itinerant in nature. We have found enough evidence
VSM and SQUID magnetometer with RSO option. In the of Stoner-type excitations in the-T dependence of magen-
VSM measurements we have used a slow sweep rate of 0.Qikation of these alloys. In addition there exist signatures of
T/min and an amplitude of vibration of 1 mm. The inverted spin fluctuations and magnetic short-range order in our mag-
nature of the low-fieldM-H loop is clearly observed in these netization, magnetoresistance, and magnetocaloric effect
measurements. However, in the VSM measurements after theeasurements in the temperature regime well adyethis
closure of the inverted loop a positi-H loop is observed behavior can be rationalized using Moriya’s theory of spin
in the H regime aboveH,; (see Fig. 8 In the higherH fluctuations'* In support of the earlier work of Manyalet
regime this positivéM-H loop closes and the magnetization al.,** we have found some evidence of a quantum interfer-
becomes reversible. The above-mentioned intermediate-fielehce effect in the magnetoresistance measurements &t low
positive M-H loop was not observed in our previous However, it seems that magnetic properties also influence the
measurementdwith SQUID magnetometers where we have magnetoresistance in th@&e,CoSi alloys especially near
used a scan length of 4 cm. We now find that on varying theand aboveT., and well inside the paramagnetic regime.
scan length, while the lower-field inverted hysteresis loopOverall it appears that the magnetism @e,C9Si alloys
does not change qualitatively, for intermediate-field values aloes play a role in the transport properties, but this role is
positive hysteresis loop is observed clearly in SQUID mag-more complicated than that in the isostructural itinerant fer-
netometer measurements vid 2 cmscan lengtit? The low-  romagnet MnSi. We believe the present results will provide
field inverted hysteresis loop is probably associated with th@ome pointers towards a proper understanding of the inter-
low-field state of théFe, C9Si alloys which has both clock- esting magnetic and transport propertiegked,C9Si alloys.
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