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Element-specific magnetic moments from core-absorption magnetic circular dichroism
of the doped Heusler alloy Co2Cr0.6Fe0.4Al
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The magnetic circular dichroism~MCD! of core-level absorption~x-ray absorption spectroscopy, XAS!
spectra in the soft x-ray region has been measured for the ferromagnetic Heusler alloy Co2Cr0.6Fe0.4Al at the
Co, Fe, and CrLII ,III edges. The comparison of XAS spectra before and afterin situ cleaning of polished
surfaces revealed a pronounced selective oxidation of Cr in air. For clean surfaces we observed a MCD for all
three elements with Fe showing the largest moment per atom. The MCD can be explained by the density of
states of the 3d unoccupied states, predicted by linear muffin-tin orbital atomic sphere approximation. For Fe
and Cr the orbital angular momentum component of the magnetic moment is considerably larger than the
values reported for metallic alloys, whereas for Co a value close to its bulk value is observed. This observation
is discussed in comparison with band structure calculations.

DOI: 10.1103/PhysRevB.67.104412 PACS number~s!: 75.50.Cc, 71.20.Lp, 78.40.Kc
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I. INTRODUCTION

Electronic devices exploiting the spin of an electron~spin-
tronics! have attracted great scientific interest.1 The basic
element is a ferromagnetic electrode providing a sp
polarized electrical current. Materials with a complete sp
polarization would be most desirable, i.e., a metal for spin
and a semiconductor for spin-down electrons. Such mate
are called half-metallic ferromagnets2 ~HMF! and Heusler
compounds have been considered potential candidate
show this property.2 Theoretical calculations predict an e
ergy gap for spin down electrons for the half-Heusler co
pound NiMnSb,2,3 which, however, has been controversia
discussed.4,5 Similarly, a HMF-like behavior was found by
Plogmann et al.6 for the Cobalt-based Heusler allo
Co2MnSn. We focus on the Heusler compoun
Co2Cr12xFexAl, which is ferromagnetic at room tempera
ture. The largest magnetoresistance was found for the c
pound with an Fe concentration ofx50.4 ~Ref. 7!.

Heusler alloys belong to a group of ternary intermeta
compounds with the stoichiometric compositionX2YZ or-
dered in an L21-type structure, many of which ar
ferromagnetic.8 A Heusler alloy consists of two differen
transition metalsX andY and a nonmagnetic metal or a no
metallic elementZ. TheY andZ atoms occupy two fcc sub

lattices with the origins at (0,0,0) and (1
2 , 1

2 , 1
2 ), respectively.

The X atoms are located at (1
4 , 1

4 , 1
4 ) sublattices and have

tetrahedral symmetry with four nearestY and four nearestZ
neighbors.Y and Z atoms possess a local cubic symme
with eight nearestX neighbors. It is important to notice tha
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this structure easily allows for atomic disorder, either by
terchange of atoms or by partial occupancy. A careful pre
ration is necessary to obtain reproducible results.

Ferromagnetic properties of Heusler alloys have been
vestigated experimentally8–13 and theoretically.6,14 The Co-
based Heusler alloys Co2YZ are of particular interest be
cause they show comparatively high Curie temperatures
varying magnetic moments ranging from 0.3mB to 1.0mB at
the Co site depending on the constituentsY and Z of the
Heusler alloy.11,15,16

For Co2CrAl a ground-state magnetic moment of 1.55mB

per formula unit has been reported17 and it was considered
that Co atoms mainly carry the magnetic moment in t
alloy, whereas the contribution of Cr and Al atoms rema
negligible.18 Recent linear muffin-tin orbital~LMTO! band
structure calculations19 reveal a HMF character of the den
sity of states, i.e., a gap at the Fermi level in the minor
band and a high density of states in the majority band. A
cording to our calculation all constituents of the alloy shou
possess a magnetic moment, 0.77mB per atom for Co,
1.63mB per atom for Cr, and20.10mB per atom for Al. For
the total moment a value of approximately 3mB per formula
unit is obtained, in agreement with the thumb rule for t
magnetic momentm of half-metallic Heusler alloys from
3d-transition metals:7 m/mB5N224, with N being the cu-
mulated number of valence electrons (4s, 3d for the
3d-transition metals and 3s, 3p for Al !. Experimentally de-
termined magnetic moments for Co2CrAl vary from 1.5mB
per formula unit to 3.0mB per formula unit.7

Reproducible magnetic moments could be obtained
©2003 The American Physical Society12-1
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agreement with the thumb rule if Cr is partly replaced by
~Ref. 7!. According to band structure calculations the ele
tronic properties are mostly similar to Co2CrAl. The replace-
ment of Cr by Fe can be seen as a doping with electrons.
not properly prepared samples with a smaller magnetic
ment than 3mB per formula unit, Moessbauer spectrosco
revealed a nonmagnetic Fe component attributed to ato
disorder with Fe atoms occupying partly7 Co ~tetrahedral!
sites. Band structure calculations for the disordered vari7

confirm a strongly reduced magnetic moment (1mB per for-
mula unit! as well as a loss of the half-metallic character.

In order to investigate element specific magnetic prop
ties and compare them with theoretical predictions, we h
carried out measurements of the magnetic circular dichro
~MCD! in the soft x-ray core-level absorption of the Cr, F
and Co 2p→3d excitation for Co2Cr0.6Fe0.4Al.

II. EXPERIMENT

The ordered Heusler alloy Co2Cr0.6Fe0.4Al was prepared
by the following method. First, the constituent elements w
arc-melted under an argon atmosphere. Then, the sam
were cooled down to room temperature by rapidly shutt
down the heating~quenched samples!. The obtained speci
mens were dense polycrystalline ingots.

Structural properties were measured by using x-ray
fraction as a standard method. The cubic structure~see Fig.
1! with a lattice constant ofa55.737 Å for Co2Cr0.6Fe0.4Al
was confirmed for all specimens. Part of the samples w
investigated by neutron diffraction revealing a small deg
of atomic disorder for the quenched samples. For compar
a few samples were annealed at 1100 K for several day
vacuum. From the ingots we cut flat discs~8 mm diameter by
1 mm!, which were then mechanically polished. Field depe
dent magnetic properties were measured by the super
ducting quantum interference device~SQUID! magnetom-
etry and by the magneto-optical Kerr effect~MOKE!.

FIG. 1. Structure model of the Heusler alloy Co2CrAl. In the Fe
doped alloy Co2Cr0.6Fe0.4Al the Cr sites are partly occupied by th
Fe atoms. The lattice constanta55.737 Å for Co2Cr0.6Fe0.4Al was
determined by the x-ray diffraction. The bonding distance betw
Co ~tetrahedral site! and Cr~octahedral site! and between Co~tet-
rahedral site! and Al ~octahedral site! is 2.48 Å, between two Co
atoms and between Cr and Al 2.86 Å.
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Remanent magnetization was less than 10% of the satura
magnetization. Saturation was achieved for external fie
larger than 0.2 T.

The MCD in Cr, Fe, and Co 2p→3d XAS ~x-ray absorp-
tion spectroscopy! was measured at the undulator beamli
U56/1-SGM at BESSY II~Berlin, Germany! and at theFirst
Dragonbeamline at the SRRC~Hsinchu, Taiwan!. The reso-
lution was set to about 80 meV at 800 eV. The XAS spe
trum was obtained by the total electron yield method, m
suring directly the sample current while scanning the pho
energy. Absorption spectra were also taken by means
fluorescence detector, for comparison. The sample cur
was normalized to the photon intensity measured via a g
mesh. It is assumed that the total yield of photoelectronsI i is
proportional to the absorptionm i . The helicity of the light
was fixed while two spectra with opposite directions of t
external field, defined asm1 and m2, were acquired con-
secutively. The magnetic field applied to the sample~0.3 T!
during the measurement was aligned with the surface nor
and at an angle of 30° degrees with respect to the incid
photon direction. Before the MCD measurement the surfa
were scrapedin situ in ultrahigh vacuum in order to remov
the surface oxide layer. The success of the scraping was
firmed by the vanishing of the O 1s absorption edge. All
measurements were carried out at room temperature,
lower than the Curie temperature of Co2Cr0.6Fe0.4Al ( TC
'790 K).

III. RESULTS AND DISCUSSION

A. Absorption spectra

Figures 2–4 show the averaged 2p→3d4s XAS spectra
m11m2 for Cr, Fe, and Co in Co2Cr0.6Fe0.4Al. These spec-
tra consist of theLIII (2p3/2) andLII (2p1/2) white linessplit
by the core hole’s spin orbit interaction. The 2p→3d transi-
tion results in a resonant absorption line in addition to

n
FIG. 2. Cr 2p→3d4s XAS spectra for Cr in Co2Cr0.6Fe0.4Al.

the XAS spectra for the quenched~solid line! and annealed~dashed
line! sample measured afterin situ cleaning of the surface are com
pared with the XAS spectra obtained for the quenched sample
exposure to air~dotted line!. Prominent extra peaks at theLIII and
LII absorption edges for the exposed sample indicate oxidized
2-2
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steplike increase of absorption due to 4s and 3d continuum
partial densities of states~DOS!, which are almost energy
independent near the Fermi level. Spectra for the quenc
specimen with a clean surface are compared with the spe
obtained for the same sample before removing the ox
layer and to a sample that has been annealed at 1100 K

A clear difference is observed for the Cr XAS~see Fig. 2!
before and after removing the oxide layer. For clean surfa
of both the quenched and the annealed sample, the X
spectra look similar to spectra obtained from metallic
samples. Resonant absorption lines are obtained at 575.
and 584.6 eV forLIII andLII edges, respectively, with a fu
width at half maximum~FWHM! of '3.5 eV, which is char-
acteristic for Cr in the metallic state.20 Contrarily, the Cr
XAS spectrum of the oxidized surface shows two distin
peaks at theLIII edge~575.9 eV and 577.0 eV! and the peak

FIG. 3. Fe 2p→3d4s XAS spectra for Fe in Co2Cr0.6Fe0.4Al.
The XAS spectra for the quenched~solid line! and annealed~dashed
line! sample measured afterin situ cleaning of the surface are com
pared with the XAS spectra for the quenched sample after expo
to air ~dotted line!.

FIG. 4. Co 2p→3d4s XAS spectra for Co in Co2Cr0.6Fe0.4Al.
The XAS spectra for the quenched~solid line! and annealed~dashed
line! sample measured afterin situ cleaning of the surface are com
pared with the XAS spectra for the quenched sample after expo
to air ~dotted line!.
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at theLII edge is accompanied by a shoulder. The peak
sitions and relative intensities are characteristic for the X
spectrum obtained from Cr2O3 ~Ref. 21!.

We approximate the steplike increase of intensity by
function

s5
h

3 F11
2

p
arctanS «2«3

D« D G1
h

6 F11
2

p
arctanS «2«1

D« D G ,
~1!

with D«50.25 eV denoting the energy broadening of t
edges at«3 ~for LIII ) and«1 ~for LII ) due to a combination
of finite energy resolution, finite temperature, and lifetim
broadening effects. The steplike function is shown, e.g.
Fig. 5.

If the radial matrix elements for the calculation of trans
tion probabilities are supposed to be constant, the integr

XAS spectraAd5*@ 1
2 (m11m2)2s#d« will provide a mea-

sure for the total number ofd holes ~neglecting hybridiza-
tion!, whereas the step heighth is proportional to the DOS of
s and continuumd states. Thus, the valueqd5Ad /h denotes
a measure for the relative contribution of transitions in
localizedd states to the absorption spectra. For the quenc
and the annealed samples we obtain almost identical va
qd527.6 eV andqd528.3 eV, whereas the oxidized su
faces show a larger valueqd536.8 eV. This observation in
dicates an increase ofd holes on the expense ofs holes,
which is characteristic for an electron transfer depletion d
to oxidation.

Figure 3 shows the XAS spectra at the FeLII ,III edge for
the same set of samples. For all three cases the spectra
the resonant absorption lines at 707.7 eV and 721 eV for
LIII and LII edge, respectively, with a FWHM of'2 eV,
similar to the XAS spectra of metallic Fe~Ref. 22!. In par-

re

re

FIG. 5. Cr 2p→3d4s XAS-MCD spectra for Cr in the
quenched Co2Cr0.6Fe0.4Al compound afterin situ cleaning at 300 K.
Solid (m2) and dashed (m1) lines show the XAS spectra measure
with external field~0.3 T! applied parallel and antiparallel to th
surface normal~oriented at an angle of 30° with respect to th
photon spin!. Dotted (m12m2) and solid@*(m12m2)d«# lines
in the middle and bottom panels represent the MCD and its in
grated spectra. The boundary between theLIII and LII absorption
regions is indicated by an arrow. The inset shows the expan
XAS-MCD spectra in theLIII region.
2-3
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ticular, the oxidized sample does not show an additional p
at theLIII edge, which could be expected at a photon ene
shifted by 2 eV to higher binding energy.23 A weak shoulder
at theLIII edge at 712 eV (D«'4 eV) can be recognized fo
the quenched sample, which is absent for the annealed
the oxidized sample. The relative contribution of transitio
into d holes to the absorption spectra is largest for
quenched sample (qd527.3 eV) and becomes smaller aft
annealing (qd524.9 eV) or oxidizing (qd522.5 eV). For
metallic Fe a value ofqd525 eV was reported.22

As in the case of Fe, the XAS spectra at the CoLII ,III
edge ~Fig. 4! shows two prominent resonant peaks cor
sponding to theLIII and LII component at 778.6 eV an
793.8 eV, similar to the XAS spectra observed for meta
Co ~Ref. 22!. The FWHM is approximately 2 eV. No add
tional peaks can be recognized for the oxidized sample
particular, no many-peak structures in theLIII region were
observed as in the case of the Sn-based Heusler a
Co2YSn (Y5Ti, Zr, and Nb!.16 The lack of these many-pea
structures cannot be attributed to a limited energy resolu
as can be concluded from the steep increase at 778 eV
stead it must be explained by a different DOS that indica
a more metallic character of the Cod band compared to the
Co2YSn alloys. For the quenched sample we observed a
nounced shoulder at theLIII peak shifted by 4 eV with re-
spect to the maximum to a higher photon energy. A sim
structure should be observed in theLII region. A less pro-
nounced shoulder can indeed be observed at theLII peak.
Less sharp structures in theLII region can be ascribed to
lifetime broadening effect because the lifetime of the 2p1/2
core hole is much shorter than the 2p3/2 core hole due to the
Coster-Kronig decay.16

In contrast to the Fe XAS, the relative contribution
transitions into Cod holes to the absorption spectra increas
after oxidation. For the quenched~annealed! sample we ob-
tained a value ofqd515.8 eV ~15.6 eV!, whereas oxidized
samples show valuesqd517.5–19.5 eV. For metallic Co a
value ofqd521 eV was reported.22

From the comparison of the XAS spectra of oxidiz
samples with clean surfaces it is obvious that the three
ments Cr, Fe, and Co react differently when exposed to
This can be expected, because the metal-oxygen bond
thalpy is larger for Cr~430 kJ/mol! than for Fe~400 kJ/mol!
and Co~385 kJ/mol!. The strong selectivity, however, is su
prising. Cr is selectively oxidized, whereas the majority
Co and Fe remains in a metallic state. The information de
of the XAS involves a surface layer of 1–2 nm thickne
i.e., 2–4 unit cells. Therefore, the selective oxidation of
involves a surface segregation process, which at least
tially destroys the stoichiometry of the Heusler alloy in t
surface region. This is supported by the observation that
relative number ofd holes increases in the case of Co a
decreases in the case of Fe upon oxidation. In both caseqd
approaches the corresponding bulk value. Taking this
account, one may conclude that the near surface regio
about 1–2 nm consists of metallic FeCo alloy mixed by
oxide, after exposure to air. From its chemical reactiv
(AluO bond enthalpy 511 kJ/mol! one might assume tha
Al is oxidized as well.
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B. Magnetic circular dichroism

In Figures 5–7 are plotted the 2p→3d4s XAS spectra
m1 and m2 and the corresponding MCD spectram12m2

for Cr, Fe, and Co in the quenched Co2Cr0.6Fe0.4Al sample.
The MCD spectra are expanded~factor 2.5 and 5! in order to
make the spectral features visible. The lower panels show
integrated MCD spectra. Negative peaks in the MCD spe
are seen in theLIII region and much smaller positive pea
in theLII region for all three elements. This indicates that t
total magnetic moment is dominated by the spin contrib
tion. The orbital contribution is small but parallel to the sp
moment.

For the case of Cr~see Fig. 5!, the maxima ofm1 andm2

do not coincide. Therefore, one obtains a characteri
change of sign of the MCD near the absorption maximu
This feature has been predicted from atomic calculation24

For Fe/Cr multilayers, in which Cr was polarized, a simil
feature has been observed experimentally for Cr in the
tallic state.20 The MCD spectra of Fe and Co show maxim
at the same energy position as the maximum of the abs
tion. Both the MCD spectra~see Figs. 6 and 7! look similar
to the spectra observed for bulk metallic systems.22

FIG. 6. Fe 2p→3d4s XAS-MCD spectra for Fe in the
quenched Co2Cr0.6Fe0.4Al compound afterin situ cleaning at 300 K.
Same conditions and notations as in Fig. 5.

FIG. 7. Co 2p→3d4s XAS-MCD spectra for Co in the
quenched Co2Cr0.6Fe0.4Al compound afterin situ cleaning at 300 K.
Same conditions and notations as in Fig. 5.
2-4
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We did not recognize the complex atomic multiplet stru
ture in the XAS as well as in the MCD, which were obtain
from the atomic calculations.24 An alternative model is pro-
vided by the band structure calculations. In the sing
electron picture, the 2p→3d transitions reflect the unoccu
pied part of the 3d partial density of states~PDOS!. The
prominent feature in the 3d PDOS is a narrow peak in th
minority band 0.5 eV~for Co and Fe! and 1.0 eV~for Cr!
above the Fermi level~see Fig. 8!. For the majority band the
3d PDOS shows a smaller maximum value directly at
Fermi level for Co and Cr. Hence, one would expect a s
of the absorption maximum to higher photon energies for
transition into the minority band~positive magnetization!
with respect to the transition into the unoccupied part of
majority band~negative magnetization!. Our experiment in-
stead shows a shift to smaller photon energy~for Cr, Fig. 5!
or no shift ~for Fe and Co, Figs. 6 and 7!. Only the CrLII
signal around 585 eV in Fig. 5 shows the anticipated beh
ior in accordance with the Cr majority and minority PDO
features above the Fermi level~cf. Fig. 8!. Thus, the single-

FIG. 8. Co, Fe, Cr, and Al partial DOS of the ferromagne
Heusler alloy Co2Cr0.5Fe0.5Al ~Ref. 7!. The electronic structures ar
computed by the tight-binding linear muffin-tin orbital atomi
sphere approximation~LMTO-ASA! method for aL21 cubic struc-
ture with every second Cr atom replaced by Fe. Wigner-Seitz r
were chosen for the muffin-tin radii and for the calculation of ma
netic moments. The Fermi level is marked by a solid line a«
50 eV.
10441
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electron model is not sufficient in order to explain the e
perimentally obtained spectra and one has to conside
strong interaction between the 2p core hole and the 3d and
4s electrons in the final state.

C. Sum rule analysis

In order to quantitatively discuss spinms and orbitalm l
momenta contribution to the magnetic moment, we apply
magneto-optical sum rules, as discussed in Refs. 25 and
neglecting the magnetic dipole operator as proposed, i.e
Ref. 27:

ms52
Nh

P cosu

A3/222A1/2

Ad
mB , ~2!

m l52
2Nh

3P cosu

A3/21A1/2

Ad
mB , ~3!

with Aj5* j (m
12m2)d« being the integrated MCD spectr

at the LIII ( j 53/2) andLII ( j 51/2) edges. The boundar
between theLIII andLII edges was set to the minimum of th
absorption spectra between the two peaks.Ad denotes the
integrated XAS spectra intod states as discussed above. T
polarization was estimatedP50.8 and the photon inciden
angle isu530° with respect to the magnetic field directio
The number ofd holesNh is different for the three element
Cr, Fe, and Co, and in metallic systems it differs sligh
from the corresponding atomic values.Nh cannot be deter-
mined quantitatively from the XAS spectra. It is difficult t
determineNh precisely for an unknown compound, althoug
it is essential for the calculation of magnetic moments@Eq.
3!#. Even for pure elements varying values have been giv
i.e., 2.43,Nh(Co),2.8 ~Refs. 22, 28, and 29!. For Co and
Fe we have chosen most likely values, as determined for
metallic systems,22 Nh(Co)52.49 and Nh(Fe)53.39, by
calibration with bulk magnetization. This is not possible f
Cr. Instead, we setNh(Cr)56 to the atomic ground-stat
value. These values are in agreement~within an error of
10%! with the theoretical calculations discussed below.

While the error due to data fluctuations is negligible,
experimental error of 10% for the determination of magne
moments is due to the error ofP and to the background
subtraction. An additional error of the same order of mag
tude arises from the uncertainty ofNh , which only affects
absolute values, and from the intermixing between theLII
and LIII edge, which mainly affects the ratio of spin an
orbital moments particularly for Cr. Moreover, the magne
dipole operator cannot be neglected for strongly correla
electronic systems, Heusler alloys being on the borderl
Because the latter systematic errors cannot be quantified
ily, they are not included in the error margins given belo
We anticipate that the total error is less than 25%.

Results for the three samples are summarized in Tab
For the quenched alloy we observe a finite magnetic mom
per Cr atom ofm(Cr)5ms1m l50.17(2)mB . For Co and Fe
we obtain m(Co)50.41(4)mB and m(Fe)51.03(10)mB .
The magnetic moment per formula unit results inmsum
51.3(2)mB , which is considerably smaller than the magn

ii
-
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TABLE I. Element specific properties for Cr, Fe, and Co in Co2Cr0.6Fe0.4Al. Results for a quenched~a!,
annealed~b!, and the quenched sample after exposure to air~c! are shown. The ratioqd5Ad /h denotes a
measure for the relative contribution of transitions intod states to the absorption spectra~see text!. Using the
sum rules, we obtained values for the element specific polarizationm/Nh5(ms1m l)/Nh and the magnetic
momentsm5ms1m l per atom. The specific number ofd holes were set toNh(Co)52.49, Nh(Fe)53.39,
and Nh(Cr)56. The summarized magnetic moment per formula unitmsum52m(Co)10.6m(Cr)
10.4m(Fe) is compared with the magnetic moment per formula unit measured by the SQUID magneto
at 300 K.

qd ms1m l ms1m l msum m ~300 K!

~eV! (NhmB) (mB) (mB /formula unit) (mB /formula unit)

~a! Quenched Cr 27.6 0.028 0.168
Fe 27.3 0.305 1.034 1.34 3.2
Co 15.8 0.166 0.413

~b! Annealed Cr 28.3 ,0.005 ,0.03
Fe 24.9 0.093 0.315 0.55 1.7
Co 15.6 0.086 0.214

~c! Oxidized Cr 36.8 ,0.005 ,0.03
Fe 22.0 0.516 1.75 2.86 3.2
Co 18.0 0.434 1.08
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tization determined by magnetometry (3.2mB). A lack of
magnetization was found for the annealed sample, too. C
trarily, the oxidized sample shows a summarized magn
moment ofmsum52.9(3)mB per formula unit, close to the
magnetometrically determined value. For some annea
samples~not shown here! the magnetic moment determine
by the MCD-XAS even exceeds the bulk moment. This o
servation supports the selective oxidation scenario discu
above. The oxidized Cr has lost its magnetic mome
whereas the magnetic moments of Co and Fe atoms appr
their metallic bulk moments.

Comparatively small magnetic moments were obser
for all samples with clean surfaces after thein situ scraping.
This may originate from the situation that the magnetic fi
is not high enough to saturate the magnetization at
scraped surface, particularly in the rough surface reg
where mechanical stress and dislocations provoke clo
10441
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domains. Alternatively, a reduced magnetization at the f
surface could be an inherent property of Co2Cr12xFexAl.

For the following discussion we assume that the mag
tization is reduced by a common factor for the constitue
of the compound. Absolute values of the magnetic mome
can be estimated, using the values of the total magnetic
ment per formula unit obtained by a magnetization measu
ment at saturation. In order to compare with theoretical m
ments in the ground state we used magnetization va
extrapolated to 0 K from the temperature-dependent magn
tization measurements at 4 K,T,300 K. Because the mag
netic moments of Cr, Fe, and Co are dominant in the co
pound we neglect the contribution of Al. The band structu
calculations predict a moment of only20.1mB for Al, anti-
parallel to the main magnetization direction. By using t
ratio m l /ms determined from the MCD, we have obtained t
values for the spinms and orbitalm l magnetic moments
toms,
.
d to
TABLE II. Ratio of the orbital magnetic moment to the spin magnetic moment for Cr, Fe, and Co a
respectively, in Co2Cr0.6Fe0.4Al. Results for the quenched~a! and annealed~b! compounds are compared
Magnetic momentsm ~0 K! per formula unit, extrapolated from the SQUID magnetometry, were use
obtain element specific magnetic ground-state momentsmsum5ms1m l per atom from the MCD~see Table I!,
assuming a common calibration factor for each sample. Theoretical resultsms,band from band structure
calculations~Ref. 7! are given for comparison.

m l /ms m ~0 K! msum ms m l ms,band

(mB /formula unit) (mB) (mB) (mB) (mB)

~a! Quenched Cr 0.10 0.44 0.40 0.04 1.52
Fe 0.14 3.5 2.70 2.37 0.33 2.77
Co 0.13 1.08 0.96 0.12 0.96

~b! Annealed Cr ,0.03
Fe 0.20 1.9 1.09 0.90 0.19
Co 0.14 0.74 0.65 0.09
2-6
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separately, as shown in Table II. For the quenched samp
Fe has the largest magnetic moment per atom, while Co
Cr moments are much smaller. Within error limits, the a
nealing procedure suppresses completely the contributio
the Cr atoms to the total magnetic moment. The magn
moment of Fe atoms is reduced to a large extent (1.1mB
instead of 2.7mB for the quenched sample!.

The latter observation confirms previous investigations
Moessbauer spectroscopy,7 revealing a paramagnetic comp
nent in the hyperfine field spectra after annealing. The p
magnetic component was interpreted as Fe atoms occup
tetrahedral~Co! sites, whereas in quenched samples Fe
cupies only octahedral sites. The spin magnetic momentsms
can be compared with the band structure calculations sh
in Fig. 8. In the calculation, spin-orbit coupling is not take
into account and therefore no orbital magnetic momen
present. For the quenched~and well-ordered! sample spin
magnetic moments of Co (0.96mB per atom! and Fe (2.37mB
per atom! are reproduced by the calculations (0.96mB and
2.77mB per atom!. The moment of Cr atoms (0.40mB per
atom! is considerably smaller than predicted by theo
(1.52mB per atom!. Hence, the missing magnetic mome
comparing the total spin moment (3.1mB per formula unit! of
the quenched sample with the prediction from the band st
ture calculation (3.8mB per formula unit! is mainly due to a
reduction of the Cr moment. On the experimental part,
origin of the prominent decrease might be a remaining d
order with Cr atoms occupying tetrahedral sites similar to
Fe atoms in annealed samples. However, neutron diffrac
data could be nicely refined with the assumption of an
dered sample.7 Considering the theoretical calculations, t
LMTO method might be a too crude approximation. Ho
ever, for the Heusler alloy Co2TiSn similar calculations
nicely fits the experiment.16 An alternative explanation could
be an antiferromagnetic orientation of neighboring Cr ato
in the fcc structure, similar to a NiO magnetic structure.

The orbital magnetic moment of 3d elements in cubic
lattices30 is usually small compared to the spin mome
However, it is of great relevance because it determines
magnitude of the magnetic anisotropy.31 For the quenched
sample we observe a ratiom l /ms50.13(2) for Co atoms,
which is close to the values reported for metallic alloy
whereas Fe atoms possess a large orbital momentm l /ms
50.14(2) in comparison with bulk values. According to
discussion based on the second-order perturbation theory
orbital magnetic moment of a Heusler alloy arises from
mixing either in thet2g orbitals or betweent2g andeg orbit-
als. A large magnetic anisotropy could be expected in th
alloys. After annealing,m l /ms is not changed for Co bu
increases for Fe. This could be the result of lattice distort
due to the increased disorder.
s
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IV. SUMMARY

We have measured the MCD in the Cr, Fe, and Cop
→3d4s XAS of the ferromagnetic Heusler allo
Co2Cr0.6Fe0.4Al. We observed a strong selective oxidation
Cr when polished surfaces are exposed to air, involvin
change of electronic properties at the surface. The differ
properties of the surface compared to the bulk have to
taken into account for the interpretation of magnetoresista
effects in powder compacts32,33 and of Andreev reflections34

with respect to a potentially high spin-polarization of th
Heusler alloys. It is, in particular, important for the observ
significant decrease of the magnetoresistance in pressed
sler alloy powders7 or the possibility to verify a total spin
polarization by means of Andreev reflections, using the HM
Heusler alloys.35 A selective oxidation at the surface cou
potentially lead to a misinterpretation of the results, using
latter method.

We have evaluated element specific magnetic moment
magneto-optical sum rules. Absolute values of spin and
bital magnetic moments were estimated by using values
the total magnetic moment obtained by the SQUID mag
tometry. For quenched samples we obtained spin magn
moments in agreement with the band structure calculati
for Co and Fe atoms, whereas Cr atoms possess a red
magnetic moment. Orbital magnetic moments are 1
~13%! of the spin moment for Cr~Co!. For Fe the orbital
moment is 14% of the spin moment, corresponding to
absolute value of 0.33mB , which is considerably larger tha
the Fe bulk value@0.09mB ~Ref. 22!#. We attribute the origin
of the large orbital moment of Fe to the localization of the
3d electrons. Annealing of Co2Cr0.6Fe0.4Al reduces magnetic
moments at Fe and Cr atoms drastically, which we ten
tively attribute to increased atomic disorder. Atomic disord
seems to play a major role for the magnetic properties
Heusler alloys. Element specific magnetometry in combi
tion with the theoretical band structure calculations provid
a key tool to the understanding of the influence of disor
and of the particular electronic properties of the Heusler
loys.
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