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Abstract   :  Both Fe and Co K-edge x-ray magnetic circular dichroism (XMCD) have 

been employed as element-specific probes of the magnetic moments in the composition series 

of the disordered ferromagnet  Fe1-xCoxSi  (for x = 0.2, 0.3, 0.4, 0.5).  A definitive single 

peaked XMCD profile occurs for all compositions at both Fe and Co K-edges. The Fe  4p 

orbital moment, deduced from the integral of the XMCD signal, has a steep dependence on x 

at low doping levels and evolves to a different (weaker ) dependence at x ≥ 0.3, similar to the 

behavior of the magnetization in the Co composition range studied here. It is systematically 

higher, by at least a factor of two,  than the corresponding Co orbital moment for most of the 

composition series.  Fine structure beyond the K-edge absorption (limited range EXAFS) 

suggests that the local order (atomic environment) is very similar across the series, from the 

perspective of both the Fe and Co absorbing atom.   The variation in the XMCD integral 

across the Co composition range has two regimes, that which occurs below x=0.3 and then 

evolves to different behavior at higher doping levels.  This is more conspicuously present in 

the Fe contribution.  This is rationalized as the evolution from a half-metallic ferromagnet at 

low Co doping to that of a strong ferromagnet at x > 0.3 and as such, spin polarization 

crossover occurs.  The Fermi level is tuned from the majority spin band for x < 0.3 where a 

strongly polarized majority spin electron gas prevails, to  a regime where minority spin 

carriers dominate at higher doping.  The evolution of  the Fe-derived spin polarized (3d) 

bands, indirectly probed here via the 4p states, is the primary determinant of the doping 

dependence of the magnetism in this alloy series.    
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1.  Introduction 
 

End-member monosilicides FeSi and CoSi are not magnetic.   They have the cubic B20 

structure (NaCl (B1) structure derivative) in which the transition-metal has seven 

neighboring silicons [1].  Chemical substitutions may occur across the entire series without 

changing the cubic B20 crystal structure or  nucleating secondary phases [2].  Moreover, the 

doped Fe1−xCoxSi alloys in a wide concentration range 0.05 ≤ x ≤ 0.8,  become disordered 

metallic helical magnets with a long helix period [2-5], which unravels from a conical  to 

ferromagnetic state in low applied fields of  less than 0.2 T  [4, 6].         

Negative magnetoresistance behavior confined to a narrow region of the spin-ordering 

temperature TC is anticipated in such an itinerant magnetic system.  This is exemplified by 

the case of MnSi,   wherein the application of an external field is supposed reduce the spin 

disorder and associated scattering from these fluctuations in the vicinity of TC  [7].   However 

these Co doped magnetic alloys show unusual positive magnetoresistance, over a wide 

temperature range encompassing TC.  This is attributed to quantum interference effects as a 

result of the disorder [7],  although this is still a matter of controversy [4].  Furthermore there 

is intense interest in this alloy series because of the possibility of forming a silicon-based 

magnetic semiconductor for spintronics applications [8-10].  

The intriguing end-member semiconductor FeSi has been investigated for decades  

because of the unusual temperature dependent magnetic susceptibility, attributable to strong 

electron correlation effects [11].   Upon Co doping the small gapped (∆~50 meV) FeSi 

becomes metallic and magnetic.  TC increases monotonically in Fe1−xCoxSi up to a doping 

level x=0.4 which has the highest value TC ~53 K and then decreases at higher doping levels 

x > 0.4 [4, 7].   The origin of the magnetism as invoked by the Co-doping is still an 

outstanding question.   

To tackle this we probe  the magnetic moment speciation on both Fe and Co sites as a 

function of Co composition for x= 0.2, 0.3, 0.4 and 0.5 in the Fe1-xCoxSi  composition series.  

We are aware of only limited previous work in this area  involving 57Fe Mössbauer 

spectroscopy and 59Co NMR studies which indicates that both a Fe and Co moment is 

existent.   The Co moment decreases as a function of increasing Co composition (for x=0.2 to 

x=0.6), whereas the Fe moment peaks at x=0.4 [12]. 

We use an alternative atomic probe of the moment speciation in this interesting alloy 

series, viz, x-ray magnetic circular dichroism (XMCD)  at both the Fe and Co K-edges.  This 
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renders it an  element-specific probe with a higher bulk sensitivity of magnetic-electronic 

properties than L-edge dichroic measurements  In so doing  an indication of the spin and 

primarily orbital moment contribution or variation in the alloy series is obtained.  In addition 

this provides the first experimental probe of the electronic band structure near the Fermi level 

(EF) over a wide composition range [13].   The compositions , x =  0.2, 0.3, 0.4 and 0.5, were 

selected to cover a comparatively wide range of doping.  This was intended to include the 

regime where there is a near linear dependence of TC and saturation magnetization on Co 

concentration at x ≤  0.3,   as well as higher doping levels where there is a drastic change to 

the composition dependences of these quantities.  This encompasses a Co doping level where 

TC and saturation magnetization reach their maximum values (viz, x = 0.4)  [4, 7].   The 

outcomes could plausibly serve as useful input to  ab initio  calculations of the electronic 

band structure as well as to rationalize the appreciable change in the composition dependence 

of the magnetic behavior that occurs in the vicinity of  x = 0.3.  

The K-edge absorption signal arises from electric dipole transitions from the 1s core 

level to the unoccupied 4p conduction band levels of the absorbing atom [14].   These 4p 

orbitals are hybridized with the 3d orbitals of both the absorbing atom and those from the 

surrounding local atomic environment.  A significant contribution to the K-edge dichroism is 

from the  polarization dependent transition intensities of the excited photoelectron to spin-

orbit perturbed p- and d- states of the hybridized 3d-4p conduction band [15, 16].   The 

integral of the XMCD signal is proportional to the expectation value of the 4p orbital 

angular momentum,<LZ>P [16-18] .  This stems from the imbalance of LZ  quantum numbers 

+ml and -ml  in the density of empty 3d-4p  states near EF.[14]  Such an imbalance results in 

the orbital moment contribution ML to the total atomic moment :  

M ( )l l

l

m m
L B h h

m
N Nµ + −= −∑ ,       (1)   

where Nh is the number of holes in the (4p) conduction band with orbital quantum 

numbers  ±ml.  

At low Co concentrations up to x~0.25, the saturation magnetization in Fe1-xCoxSi is 

found to rise almost linearly with Co doping, which also adds one additional electron per 

substituted Fe atom [7]. This behavior and the experimentally observed fast saturation of the 

magnetization versus external magnetic field have been explained by invoking half-metallic 

ferromagnetism in the composition range 0.08 ≤ x ≤0.25 [4, 6] ,  consistent with electronic 

structure calculations [19].  This is a case where electrons in the partially filled  majority spin 
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band are responsible for conduction whereas the minority spin band has been shifted (e.g., as 

a result of the exchange splitting) such that EF resides within the gap of only the minority 

spin channel. The result is a nearly fully majority-spin polarized electron gas.  That half 

metallic behavior occurs at all in such disordered alloys is considered intriguing because 

disorder is normally expected to smear out and destroy such electronic behavior [20].  

We seek to consider what is the electronic situation prevailing at higher Co doping 

levels, x ≥ 0.3,  where TC reaches a maximum.  The nature of the spin polarized bands have 

not been subject to experimental probes in this respect and magnetic properties from band 

structure calculations may not be reconciled with the experimental data [19, 21].  The 

XMCD investigation presented here is an attempt to address this.  

 

2.  Experimental details 

   
XMCD experiments at the K-edge have been performed at the  ODE  beamline of 

Synchrotron SOLEIL [22, 23].  An external field of 1.3 T has been applied along the beam 

direction to impose a magnetization direction (i.e., orientations of electron spin of 

majority/minority spin bands in the ferromagnet).   The magnetic field is  switched parallel 

and anti-parallel to the beam direction to attain the equivalent of incident x-ray  photon 

helicities parallel and anti-parallel to the magnetization direction [24, 25].    The ODE 

beamline permits extremely high stability dispersive x-ray absorption spectroscopy (XAS) 

studies.  This is an imperative for obtaining reliable K-edge XMCD signals, known to be 

small (< 10-3)  in transition metals.  These are anticipated to be even weaker in the Fe1-xCoxSi 

series where the magnetic moment is less than 0.2 µB per f.u. [4]. 

Samples are from the same batch used by Manyala et. al. [7] or have been synthesized 

in a similar way by arc-melting 4N pure starting materials with the prescribed ratio, followed 

by annealing procedures. X-ray diffraction and 57Fe Mössbauer spectroscopy at ambient 

conditions confirmed the single-phase nature of the samples.  The determination of the 

nominal Co concentrations was obtained from the linear dependence of lattice parameter on 

Co composition  (Vegard’s law) and in selected cases confirmed by  x-ray microanalysis [2, 

7]. 

Magnetic characterization of the alloys was performed in a SQUID magnetometer 

(Quantum Design : MPMS).  Saturation magnetization M0 values are taken from the high 

field value at ~ 4 T in the M - B curves.  After zero-field cooling of the sample TC  was 
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obtained from the warming curves as the onset of the precipitous change in magnetization to 

paramagnetic behavior, similar to ref. [4].   

Fine-grained powdered samples have been compacted between diamond anvils in a 

pressure cell cavity  to ensure uniform disks of ~12 μm thickness in the φ~150 µm diameter 

cavity.   The beam spot at the sample was 28 x 42  µm (FWHM). Measurements  in the spin-

ordered state have been taken at 4 K (T << TC ) in a customized cryostat.  There were 

selected measurements at T > TC , to verify collapse of the XMCD signal.  Data acquisition 

time  for the XMCD spectrum was typically 12 - 18 hours for each composition.   A series of 

Fe K-edge spectra were taken followed by corresponding Co K-edge measurements. 

 

3. Results 
      

Figure 1 shows the magnetic characterizations in the series of alloys we have 

investigated.    This has been compared  with the previous experimental data of Onose et. al. 

[4] and Manyala et. al. [9].   The x=0.4 Co doped sample has the maximum M0 and TC.     

Our TC curve follows quite closely that of Onose et. al. [4],  whereas M0  does show some 

differences at x=0.5 compared to literature values.  Nevertheless our composition series has 

the correct trend, with the maximum M0 being attained at  x=0.4 after which there is a 

decreasing trend at higher compositions.  Part of the reason for the difference compared to 

the previous literature may be varying levels of Fe/Co homogeneity from different  sample 

preparation procedures [2, 4, 9].   

Figure 2(a)  shows the XMCD signal at the Fe K-edge.  Note that the signals are weak 

in these small moment systems, at the level of 10-4 or less, but nevertheless discerned 

reliably.  Further  note that this signal is single-peaked (unipolar) in the vicinity of the K-

edge  (7112 eV), for all compositions. The XMCD profile is unlike that of ferromagnetic Fe 

metal,  which has a positive and negative going segment at the K-edge [25, 26].   Instead, the 

Fe XMCD signal for the Fe1-xCoxSi series is similar to that of Co or Ni metal ferromagnets, 

notably a single peak profile.  This is considered in somewhat more detail in the discussion 

section. 

Figure 2(b) also shows the XMCD signal for the Co absorbing atom across the 

composition series.   It is more challenging to obtain a good signal-to-noise ratio in these 

cases. The pertinent Co signal  at energies greater that  ~7600 eV is in a regime where there 

is comparatively strong absorption of the incident x-rays (i.e., beyond the Fe K-edge at 7112 
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eV) by the Fe constituents in the sample.  There are unambiguous single peaked Co XMCD 

signals for the composition series, similar to the case of the Fe XMCD.  The x=0.2 sample 

signal is the most unreliable because of both the low Co content and high attenuation by the 

abundant Fe concentration (i.e., 80% Fe)  in this alloy.  The single peaked nature of the 

XMCD  suggests that features in the Co electronic density of states  near EF are similar to the 

Fe component.    

The  XMCD signal, obtained from the difference of spin polarized absorption spectra µ+ 

and µ-  [24],  has been integrated and normalized to the integral of the unpolarized absorption  

µ0 = (µ+ + µ-
 )/2 : 

0( ) ( )XMCD
K edge K edge

A dE dEµ µ µ+ −

− −

= −∫ ∫ .      (2) 

 
Figure 1 (colour online) :  (a) Magnetization M versus applied field B and (b) M versus T 
for different Co concentrations x = 0.2, 0.3, 0.4 and 0.5 in the alloy series Fe1-xCoxSi.  
Symbols show (c) saturation magnetization M0  and (d) spin-ordering temperature TC  
measured for the alloys of this work, compared with the previous studies of refs  [4, 7] . 
 

(c) 

 
 

(a) 

 
 (b) 

 
 

(d) 
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Figure 2 (colour online) :   (a)  and  (b) panels show XMCD signal at the Fe and the Co K-
edges, respectively, for the various compositions.  Note that the  XMCD signal in this small 
moment series is at the level of 10-4 .  (c)  Symbols show values of the integrated XMCD 
signals of (a) and (b), proportional to the expectation value of the 4p orbital angular 
momentum  <LZ>P     These have been normalized to the unpolarized absorption edge profile 
to obtain data independent of sample thickness [24].  (d)  Saturation magnetization M0, TC  
and composition weighted total  XMCD integral normalized to maximum values, serving to 
emphasize the different composition dependence regimes and locations of maxima.  Solid or 
dashed  lines are to guide the eye in (c) and (d). 
 

Figure  2(c) shows the integral of the XMCD signal for the various Co concentrations, 

including error estimates [27].  It may be noted that the Fe-originated integral has a steep 

dependence on x at low doping levels and evolves to a different (weaker ) dependence at x ≥ 

0.3.  It is  systematically higher than the corresponding Co signal for most of the composition 

series, by at least a factor of  two.  As this integral is proportional to the 4p orbital moment 

[16-18],   see equation (1), it indicates  that there is definitely an unquenched orbital 

contribution on both transition-metal components of the alloy.    The dominant contribution 

arises from the Fe component in the alloy for most of the series of Co doping studied here.  

(a) 

 

(b) 

 
 (d) 

 
 

(c) 
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Next nearest neighbors to the absorbing atom in the B20 structure of these disordered 

alloys are both Fe and Co species [1].  Information on the local atomic environment is 

obtained from the corresponding fine structure features in the energy range beyond the K-

edge (limited range EXAFS) of the spectra.  Figure  3 depicts that these are very similar for 

each composition, especially at the Fe K-edge.  This suggests that the local  crystal chemical 

environment around each Fe and Co atom does not vary appreciably for different 

compositions up to x=0.5.  However, the experimental set-up for XMCD is optimized for 

reliable data collection only in the regime very near the absorption edge.  X-ray absorption 

data taken to well beyond the K-edge would be required for a reliable EXAFS analysis, to 

check this supposition.  

 

Figure 3 (colour online) : (a)  and (b) panels showing limited range EXAFS at the Fe and 
Co K-edges, respectively.  Spectra have been offset from each other for clarity.  Some 
distortions of the signal are apparent in the Co spectra. These likely stem from artifacts 
introduced by the experimental setup optimized for near edge (XANES and XMCD) 
measurements.    

 

It appears from figure 2(c) that x=0.3 marks a transition region, where the composition 

dependence of the  orbital moment contribution changes appreciably across the series 

(especially for the Fe species).  There appears to be a weak maximum at x=0.3,  to within the 

error estimates obtained using the procedure mentioned in ref. [27].  Even if these error bars 

have been underestimated, from a consideration of statistical scatter  and signal-to-noise ratio 

of the XMCD signals in figure 2(a), x=0.3  still represents a doping level where there is a 

transition to a new dependence on increasing Co composition.  This should be compared 

with the trend of M0 and TC in figure 1  which for our sample exhibits a broad maximum at  

x=0.4 in this composition range. These quantities also exhibit a change in their composition 

(a) 

 

(b) 
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dependence when x is in the range 0.3 - 0.4 .  Figure 2(d)  shows plots of the Fe-Co 

composition weighted total XMCD integral, M0 and TC , normalized to the maximum values.  

It should be noted that the XMCD integral is proportional to the total 4p orbital moment 

<LZ> only.  Whereas the atomic moment contribution in M0 and TC  involves the total atomic 

angular momentum J , i.e., contributions  from both the orbital <LZ> and atomic spin <SZ> 

moments.   Figure 2(d) is then suggestive that the composition dependence of the orbital and 

spin contributions are different for Co concentrations probed here.  

 
4.  Discussion 

  
We attempt to account for the XMCD behavior depicted in figure 2, notably (i) that the 

XMCD profile is unipolar across the entire composition series and (ii) that there appears to 

be distinct alloy-composition related regimes delineated by  x=0.3.  An attempt is made to  

link all of this to what is currently known from electronic band structure calculations. 

The end-member FeSi is a small gapped semiconductor into which charge carriers are 

introduced by Co doping [4].  The effect of Co doping (equivalent to iron atom doping plus an 

additional carrier, e.g., Co = Fe + e- )  is to shift the Fermi level into the conduction band. The 

internal exchange field from spontaneous magnetic order at T < TC   shifts  the two spin bands 

relative to each other  and a  redistribution of carriers from one spin channel into the  other 

occurs [14, 28],  as seen in figure 4.  This effect of the exchange field  on the original 

semiconducting gapped electronic states and fine-structure detail of the bands near EF,  may 

lead to a scenario in which electrons carrying the majority spin belong to a partially filled 

metallic band, while those carrying the minority spin involve an empty (at T =0 K) conduction 

band with EF in the gap in this spin channel, see x=0.125 in figure 4. The outcome is called a 

half-metallic ferromagnet  in which only one spin channel  (majority spins with spin and orbital 

moments anti-parallel to the exchange field) is responsible for the conduction [28].   This is 

also deduced from the magnetization behavior (e.g., linear dependence of M0 on Co 

composition) [4, 7] and electronic structure calculations [19].   This conduction band is the 

hybridized  3d-4p  band and,  in terms of our  XMCD probe,  is associated with the x-ray 

absorbing atom species and next nearest neighboring transition-metal, Fe and Co,  sites of the 

cubic B20 structure.  Half-metallicity  then implies that there would only be accessible 4p 

states (holes) in one spin channel  and the imbalance of  empty p states  with orbital angular 

momentum quantum numbers +ml and -ml  is quantified by the K-edge XMCD integral [18].    
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It  is suggested here that the single peaked nature of the Fe and Co  XMCD signals for x ≤ 

0.3 in figure 2, is indicative of holes in only one spin channel near EF  [26].  In positing this we 

are appealing to what is well known for archetypal transition metal ferromagnets , Fe, Co and 

Ni.   

 

Figure 4 (colour online) :  Schematics of electronic band structure (total DOS) in the alloy 
series, showing the evolution from half metal to strong ferromagnet with increasing Co 
concentration.  Adapted from the ab initio band structure calculations of refs [19, 29].  Majority 
(minority) spin band is in the upper (lower)  half  of each panel.  Fermi energy EF is at the 
origin of the horizontal axis.  

 

Electronic structure calculations show that metallic iron (Fe) is a so-called weak 

ferromagnet with unoccupied  3d-4p hybridized states at EF (holes) in both majority and 

minority spin channels [14].  Electronic structure calculations also reproduce the well known 

bipolar XMCD signature at the K-edge [16, 30].  By contrast Co and Ni are so-called strong 

ferromagnets, having pertinent unoccupied states in only the minority  spin channel near EF and 

the electronic structure calculations reproduce the characteristic unipolar K-edge XMCD.   

Therefore by analogy with these archetypal ferromagnets  magnets, it is contended here that the 
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unipolar signatures of figures 2(a) and (b) signify unoccupied 3d-4p  hybridized states in only 

one spin channel. This would be the first experimental elucidation of electronic structure near 

EF in these alloy systems, in corroboration of  the  proposed half metallic nature of the band 

structure at low doping levels up to x~0.3  in Fe1−xCoxSi   [4, 7, 19], see figure 4.  It is a 

remaining challenge for such ab initio calculations of  K-edge XMCD to be performed for these 

alloys,  in a similar vein to what has been done for Fe and Co elemental ferromagnets [16, 30].    

At higher doping levels  x > 0.3  the XMCD retains its unipolar profile, figures 2(a) and 

(b),   whereas the XMCD integral dependence on Co composition has altered substantially, 

figures 2(c) and (d).  Moreover  figure 1 shows that M0 deviates from linearity and at these high 

concentrations the original half metallicity at low doping must have evolved to a new scenario.  

How can all of this be best rationalized  ?  Drawing on previous electronic structure 

calculations [29] in conjunction with our  XMCD  data (figure 2) permits us to make a 

qualitative description of what has happened.  Higher  doping inter alia shifts EF to higher 

energies and there is also likely to be an increase in the exchange splitting. The extent of this is 

to have moved  EF  out of the minority spin band  gap up to the majority spin ( hybridized 3d-

4p) band edge or beyond that, see x=0.5 in figure 4, with no 3d hole states available  near EF in 

this channel.  EF is now rooted in the minority spin channel of the hybridized 3d-4p conduction 

band, with accessible states only in this channel for K-edge absorption.  This is akin to the case 

of elemental Co or Ni,  which exhibit such characteristic strong ferromagnet characteristics as 

well as unipolar XMCD signatures [14, 16] similar to the profiles in figures 2(a) and (b) for x ≥ 

0.3 .     

 
5.  Conclusions 
 

We have presented results of  an experimental probe of  electronic structure near EF  in 

the Fe1−xCoxSi series.  The Fe- and Co- derived spin polarized (3d) bands have been probed, 

indirectly via the 4p unoccupied states near EF, in K-edge XMCD experiments.  The K-edge 

XMCD presents a unipolar profile for all compositions.  The XMCD integral behavior 

clearly delineates a  boundary at x=0.3 and on either side of  this the composition 

dependences of <LZ> are quite different.   Differences in the behavior of the composition 

dependences of the XMCD integral compared with that of the saturation magnetization M0  

and TC  have been ascribed to the  spin moment <SZ> contribution, which features only in the 

latter two quantities.    
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This is then considered both in conjunction with the most recent electronic band 

structure calculations and in analogy with the calculated and experimental XMCD signatures 

in archetypal weak and strong elemental ferromagnets  Fe and Co, respectively.  It is 

proposed that  x=0.3 in Fe1−xCoxSi marks a transitioning from half-metallic ferromagnet to 

strong ferromagnet. The nature of these two ferromagnetic regimes is fundamentally 

different, although they both entail unoccupied states in only one spin channel and hence, we 

suppose, manifest as  a unipolar profile of the K-edge XMCD.   Electronic band structure 

computations specifically of K-edge XMCD profiles for these alloy compositions, for 

comparison with our experimental work, would represent an interesting future challenge.  In 

the half-metallic regime ( x ≤ 0.3 ) EF is rooted in the hybridized 3d-4p majority spin band 

and is concurrently in a   minority spin band gap.    Whereas in the strong ferromagnet 

regime EF is rooted within the 3d-4p  minority spin band and is concurrently at or beyond the 

majority spin band edge.     Consequently in this Fe1−xCoxSi  series we may speak of  “spin 

polarization crossover”  occurring :  from strongly polarized majority spin electron gas in the 

half-metallic state at x ≤ 0.3 to minority-spin dominated carriers at higher Co compositions.  

This information is anticipated to be important for envisioned spintronics applications of 

these compositions. 
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