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Magnetic Compton scattering study of the Co2FeGa Heusler alloy: Experiment and theory
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The spin density in Co2FeGa Heusler alloy has been measured in a magnetic Compton scattering experiment
using 274-keV circularly polarized synchrotron radiation at the high energy inelastic scattering beamline
~BL08W! at SPring-8, Japan. A detailed band-structure calculation including hyperfine field study was per-
formed utilizing the generalized gradient corrected full-potential linear augmented plane-wave~FLAPW-GGA!
method. The magnetic Compton profiles for the@100#, @110#, and @111# principal directions, reported here,
show anisotropy in the momentum density which is in good agreement with the FLAPW-GGA results based on
ferromagnetic ground state. The conduction electrons were found to have a negative spin polarization of
0.60mB , which is at variance with the prediction of a positive moment from the recent neutron data. In the
calculation, 3d spin moment at the Co and Fe site was found to be 1.20mB and 2.66mB , and their respective
contribution in theeg andt2g sub-bands are in excellent agreement with the earlier reported neutron-diffraction
measurements. It is also seen from our calculated results that the Co and Fe moment are mainlyeg in character.

DOI: 10.1103/PhysRevB.63.064409 PACS number~s!: 75.25.1z, 78.70.Ck, 71.15.Ap, 75.20.Hr
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I. INTRODUCTION

Heusler alloys are ternary intermetallic compounds w
stoichiometric compositionX2YZ, whereX can be a 3d, 4d,
or 5d element~e.g., Co, Fe, Ni, Cu, . . . !; Y can be Ti, V, Cr,
Mn, Fe andZ is, for example, Al, Si, Ga, As, In, or Sn
Heusler alloys are interesting magnetic systems because
possess localized magnetic moments, although they ar
metallic. Heusler alloys have aL21 lattice structure, where
eachX atom has fourY atoms and fourZ atoms as the neares
neighbors and eachY or Z atom is surrounded by eightX
atoms. IfX andY are magnetic, they influence each othe
magnetic properties. The formation and coupling of the m
netic moment in Heusler alloys are still the subject of num
ous theoretical and experimental studies. The Mn atom a
Y site inX2MnZ carries a large magnetic moment (3 –4mB),
while Mn at anX site in Mn2VAl carries a small amoun
(1 –2mB).1 Many Co Heusler alloys with chemical formul
Co2YZ have been discovered and it was found that the
atom carries a small magnetic moment~less than 1mB).
Webster2 observed that the Co and the Mn moments
Co2MnZ are larger for the alloys containing the IVb ele-
ments (Z5Si, Ge, and Sn! than for the alloys containing IIIb
elements (Z5Al and Ga!. Hyperfine fields at Co and Mn
sites in Co2MnZ (Z5Si, Ge, Sn, Al, and Ga! have been
observed.3–6 The Mn hyperfine field was found to be rough
proportional to the Mn moment, while Co hyperfine fie
was not proportional to the Co moment. Furthermore,
experimental results show that the Co hyperfine field
Co2YZ changes drastically with increasing number of v
lence electrons of theY atom (Y5Ti, V, Cr, Mn, Fe!.

The formation and coupling of the magnetic moments
Mn related Heusler alloys have been studied widely theor
cally and experimentally. From the early neutron-scatter
0163-1829/2001/63~6!/064409~11!/$15.00 63 0644
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experiments performed on Cu2MnAl, Pd2MnSn, and
Ni2MnSn samples7–9 it was concluded that the 3d electrons
are well localized on the Mn atoms and in the Heusler allo
the interactions are long range, extending to more than e
neighbors. These Mn-Mn large distance interactions are
terpreted by ans-d interaction of the Ruderman-Kittel
Kasuya-Yosida type.

A number of theoretical calculations of electronic stru
ture and magnetic-moment formation in Heusler alloys,10–14

accompanied the earlier experimental reports. Ishidaet al.,14

performing band-structure calculations for Co2MnSn,
Co2TiSn, and Co2TiAl, showed that the small humps of th
density of states near the Fermi level determined the sm
Co magnetic moment of Co2YZ. The Korringa-Kohn-
Rostoker calculations of electronic and magnetic proper
of Co2MnZ (Z5Ai, Ga, Si, Ge, and Sn! by Fujii et al.13

showed that the magnetic moments and the hyperfine fi
on the Co and Mn are influenced by the nonmagneticZ atom.
A similar approach to Co-Ni Heusler alloys, with detaile
band-structure calculations, has been presented by To
et al.15

Though many theoretical and experimental studies on
electronic structure of Heusler alloys of the formX2YZ
whereY5Mn have been reported earlier, the compound
question here (Co2FeGa) has been earlier studied by Bu
chow et al.16 and very recently by Brownet al.17 utilizing
polarized neutron-diffraction measurement. In their neut
diffraction study Brownet al.17 obtained a small positive de
localized moment for Co2FeGa and Co2MnGe contrary to
the other Co-based Heusler alloys where delocalized mom
were found to be small and negative. Thus bearing th
considerations in mind, it seemed worthwhile to underta
an experimental-theoretical study of Co2FeGa Heusler alloy,
and motivated us for the present experimental Compton s
©2001 The American Physical Society09-1
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tering investigation. With the more direct access to the sp
dependent electron momentum density provided by the m
netic Compton scattering technique, we decided to confr
highly accurate full-potential linear augmented plane-wa
method utilizing the generalized gradient approximat
scheme~FLAPW-GGA! computations with the correspond
ing measurements. Another reason for interest in this c
pound is the recent excitement in these alloys triggered
the possibility that they are half metallic ferromagnets. F
half metallic ferromagnetic systems, the density of state
the Fermi level for one sub-band is very small whereas
of the other is large. It should be noted that these syst
exhibit metallic behavior for electrons of one spin state a
insulating for the other. The potential technological impo
tance of half-metallic ferromagnets,18,19 e.g., spin valves,
made this class of compounds to be the subject of ongo
experimental18 and theoretical19 studies. Half metallic ferro-
magnets was reported20 in intermetallic compounds contain
ing manganese, with semi-Heusler cubicC1b structure such
as NiMnSb. Moreover, recent band-structure calculati
have reported identical properties for related iron and co
based Heusler alloys,21 CrO2,22,23 and doped manganes
perovskites.24 Half metallic behavior has been predicted f
Co2MnSi,21 which is a member of the series of ferromagne
Heusler alloys in which both cobalt and manganese ato
carry moments. It is well established that the magnetic pr
erties of these compounds depend sensitively on the de
of atomic order and on the conduction electr
concentration.25 The purpose of this present calculation
also to obtain evidence for the half metallic behavior.

The outline of this paper is as follows. The introducto
remarks are followed by Sec. II which gives the salient fe
tures of the FLAPW-GGA computations. Section III is d
voted to the relevant details of experiment and data proc
ing. The band structure and the hyperfine fields are prese
in Sec. IV. In Sec. V the total and the partial densities
states and electron densities are analyzed. The mag
Compton profiles and their anisotropies are presented in
VI. Finally, the summary and conclusions are given in S
VII.

II. HEUSLER STRUCTURE AND METHOD
OF CALCULATION

Co2FeGa at stoichiometry corresponds to an ideal Heu
(L21) structure compound, having space groupFm3m. This
structure type, shown in Fig. 1, is based on an underlying
arrangement of atomic sites with lattice constanta/2, with
Ga atoms at~0,0,0!, Fe at (1/2,1/2,1/2)a, and Co atoms a
(1/4,1/4,1/4)a and (3/4,3/4,3/4)a, wherea55.737 Å is the
lattice constant of the resulting fcc compound.

The FLAPW ~Ref. 26! method is among the most acc
rate band-structure methods currently available. In t
method the space is divided into an interstitial region a
nonoverlapping muffin-tin~MT! spheres centered at th
atomic sites. In the interstitial region, the basis set consist
plane waves. Inside the muffin-tin spheres, the basis se
described by radial solutions of the one-particle Schro¨dinger
equation, at fixed energies, and their energy derivatives ti
06440
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spherical harmonics. Valence states and semicore states~Co
3p, Fe 3p, Ga 3d) were treated in the same energy windo
by using local orbitals27 as an extension to the LAPW bas
set. This method is based on the first-principles dens
functional theory with the generalized gradient approxim
tion ~GGA! for the exchange correlation28,29 throughout.
GGA has a stronger formal foundation because it accou
specifically for density gradients that are neglected in loc
density approximation~LDA !, and does so in a way tha
satisfies several exact constraints in the form of
exchange-correlation energy functional. It has been seen
GGA seems to give a general improvement in compariso
experimental data for alkali metals,30 3d and 4d transition
metals,31 lanthanides,32 and ionic insulators.33 Very recently
Debet al.34 have shown that GGA gives an overall improv
ment with experimental data for Heusler alloys also co
pared to LDA. Assessing the differences between GGA a
LDA is delicate, requiring in principle a full potentia
method. The muffin-tin sphere radiiR used are 2.2 a.u. fo
Co and Fe and 2.4 a.u. for Ga. Inside the atomic spheres
charge density and the potential are expanded in crystal
monics up tol56. The radial basis functions of each LAPW
were calculated up tol 510 and the nonspherical potenti
contribution to the Hamiltonian matrix had an upper limit
l 54. The Brillouin-zone integration was done with a mod
fied tetrahedron method35 and we used 227k points in the
irreducible wedge of the Brillouin zone~IBZ!. The density
plane-wave cutoff isRKmax58.7, providing well converged
basis sets which leads to about 400 basis functions, while
potential cutoff extends up to 14, so no shape approxima
to the potential is necessary.

III. EXPERIMENT AND DATA PROCESSING

Compton scattering is an incoherent process, therefore
method can only be applied to the materials with a net m
netic moment, i.e., ferro- or ferrimagnets. Because of

FIG. 1. The crystal structure of the Heusler alloy Co2FeGa,
showing the four interpenetrating fcc sublattices. Co occupy~1/4,
1/4,1/4! and~3/4,3/4,3/4! positions. Fe are at~1/2,1/2,1/2! and Ga at
~0,0,0!. The medium spheres denote the Fe sites, the small and
large spheres are the Co and Ga sites.
9-2



p.
ct-
r-

MAGNETIC COMPTON SCATTERING STUDY OF THE . . . PHYSICAL REVIEW B 63 064409
FIG. 2. Schematic of the experimental setu
The scattering geometry using the supercondu
ing magnet. The field is 2.5 T and has a unifo
mity of 2% over the sample position.
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inherently small cross section being involved, magne
Compton scattering~MCS! experiments have only becom
feasible with the advent of high-energy synchrotron radiat
sources. Measuring alternately the standard Compton pr
with opposite sample magnetization, MCS provides inform
tion of the momentum distribution of the difference betwe
the spin-up and spin-down electrons. To be sensitive to m
netic electrons, these experiments require circularly po
ized photons that couple to the term in the incoherent s
tering cross section arising from the interference betw
charge and magnetic scattering. Comprehensive review
Compton scattering related to charge and magnetization
sities can be found in Refs. 36–38. Briefly, when linea
polarized radiation is utilized the spectrum of the inelas
cally scattered radiation can be interpreted, with an impu
approximation, in terms of the projection of the electron m
mentum distribution,n(p), along the scattering vector. Th
quantity is referred to as the Compton profile and usua
denotedJ(pz) where thez direction is parallel to the scatter
ing vector,

J~pz!5E E @n~p!↑1n~p!↓#dpxdpy ~1!

Here the momentum distribution,n(p), has been split into
spin up, n(p)↑ , and spin down,n(p)↓ , components. The
momentum space wave functions, from which the den
distributions are formed, are simply Fourier transforms
their position space counterparts.

When circularly polarized radiation is utilized there is
coupling between charge and spin scattering resulting
term depending on the spin density. The magnetic Comp
profile Jmag(pz), which can be deduced from the scatteri
cross section, can be expressed as

Jmag~pz!5E E @n~p!↑2n~p!↓#dpxdpy . ~2!

Experimentally it can be obtained by the reversal of
direction of the sample magnetization and forming the d
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ference between the spin-up and spin-down signals, the
eliminating the charge scattering, which is unaffected by
field direction.39,40 It is important to note that the area und
the Compton profileJ(pz), integrated over all momenta, i
just equal to the total number of electrons. On the contr
the area under the magnetic Compton profile is numeric
equal to the spin moment in Bohr magnetonsmB .

The Compton measurements on the Co2FeGa Heusler al-
loy was performed at the magnetic Compton spectrom
installed at the high energy inelastic scattering beam
BL08W ~Station A! at SPring-8, Japan. The x-ray source
this beamline is an elliptic 37-pole wiggler with a critica
photon energy of 42.6 keV, where the wiggler was opera
with Kx50.6 andKy511.2. A sketch of the experimenta
arrangement is shown in Fig. 2. Elliptically polarized 27
keV x rays were monochromatized by an asymme
Si~771! Johann-type monochromator. The angle of Comp
scattering was 175°. The flux at the sample was of the or
of 1010 photon/s and the degree of circular polarization w
about 0.7 with an energy resolution ofnE/E<531023. In-
got of Co2FeGa was examined using the Laue diffracti
technique. Single crystals were cut from the ingot in the fo
of rectangular parallelepipeds with approximate dimensi
83737 mm. The samples were mounted in an external fi
of 2.5 T generated by a superconducting magnet, whic
sufficient to saturate the magnetization of the samples at
K.

The Compton profiles were measured along the@100#,
@110#, and@111# principal directions. A beam 3 mm high an
1 mm wide was incident on the sample. One interesting f
ture of this experiment was the use of the superconduc
magnet that has been designed and constructed for mag
Compton profile~MCP! measurements at BL08W. The su
perconducting magnet is described elsewhere in detail
Sakai et al.41 A maximum magnetic field63 T could be
generated with a current of679 A, and the field direction
can be altered quickly by changing the current direct
~within 5 s!, and liquid-He refill is not required for more tha
a few months, which is long enough to measure an ordin
set of MCP data.
9-3
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DEB, ITOU, SAKURAI, HIRAOKA, AND SAKAI PHYSICAL REVIEW B 63 064409
The data were collected using a Ge solid-state dete
~Ge SSD!. The momentum resolution was 0.66 a.u. (1 a
51.99310224 mkg/s!, which was mainly restricted by a
energy resolution of the Ge SSD. The magnetic field in
sample was reversed in the sequence of (1,2,2,1,2,1,
1,2), where (1) and (2) represents the relative directio
of the magnetic field@(1) being parallel to the scatterin
vector and (2) vice versa#. A switching time of 6 s and
dwell time of 60 s was used to ensure good signal averag

The integrated counts for the momentum range210–
110 a.u. were equal to 73106 under the Compton line in
the total ~i.e., spin-up plus spin-down! spectrum and 4
3104 in the spin-dependent Compton profile~i.e., spin-up
minus spin-down! for the @110# direction. The measuremen
time was 32 h. Energy-dependent corrections, namely
absorption in the sample and for the charge and magn
cross sections, were applied to the raw data. Since the
lyzed Compton line lies in a relatively narrow energy ran
where the efficiency of the Ge SSD is close to 100%,
energy-dependent efficiency correction was deemed ne
sary. The ordinate of the data has been then transfor
from energy to momentum in atomic units and folded ab
pz50. Finally the magnetic profiles were normalized to
spin moment per unit formula. The value is deduced to
5.10mB at 300 K from the magnetization data of th
Co2FeGa Heusler alloy by Buschowet al.16

IV. BAND STRUCTURE AND HYPERFINE FIELDS

The majority and minority~which we will refer to as up
and down! band structure resulting from FLAPW-GGA ca
culation in the high-symmetry directions in the Brillou
zone are shown in Figs. 3 and 4, respectively. The vale
band has a band width of 11.2 eV. The lowest valence ba
which is separated from the other valence bands by an
ergy gap of about 0.8 eV for both majority and minori
spins, is of Ga 4s character along with contributions from C
and Fe 4s states. From Fig. 3 it is evident that for the m
jority spin electrons the band structure has metallic inters
tions, and band 17 gives rise to a hole pocket centered aG.
For the minority spin electrons the Fermi level lies just at
bottom of the conduction band~Fig. 4!. It is important to
note here that an analysis of the eigenvectors allows u
reveal information about the character of the bands. From
character of the bands it is clear that the valence bands
derived from the 3d electrons of Co and Fe and Ga 4s elec-
trons. The important main results of this analysis are sho
in Figs. 5~a!–5~d!, where the symbol size used is propo
tional to the strength of the orbital character of the ban
~i.e., the size of each circle is proportional to the part
charge of the specified atom!. From the figures it is eviden
that the lower conduction bands~within 1 eV above the
Fermi level! for the minority spin, are made of hybridize
bands between Co and Fed orbitals @Figs. 5~b! and 5~d!#.
While the majority-spin valence bands~within 6 eV below
the Fermi level!, are made of hybridized bands between
and Fe-d states@Figs. 5~a! and 5~c!#. It is to be noted that for
the minority spin the Co-d states extend to 6 eV in the va
lence band whereas the Fe-d states are pronounced in regio
06440
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between 2 and 4 eV in the valence band. Moreover,
Co-3d moment and Fe-3d moment together with the mo
ments of theireg and t2g symmetries utilizing the FLAPW-
GGA scheme along with available experimental results

FIG. 3. The FLAPW band structure of ferromagnetic Co2FeGa
along the high symmetry lines for the majority spin.

FIG. 4. The FLAPW band structure of ferromagnetic Co2FeGa
along the high-symmetry lines for the minority spin.
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FIG. 5. The FLAPW-GGA band-character plots for Co2FeGa:~a! Co-3d majority spin;~b! Co-3d minority spin; ~c! Fe-3d majority
spin; ~d! Fe-3d minority spin. The symbol size here depicts the strength of the orbital character of the bands.
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listed in Table I. The total magnetic moment in Co2FeGa
from the present calculation is found to be in good agr
ment with the corresponding experimental values. Fr
Table I it is evident for the Co and Fe sites that there i
large preponderance of theeg carriers. Our calculated value
of the spin moment of theeg and thet2g sub-bands for the
06440
-

a

Co and the Fe sites are in excellent agreement with the
cently reported neutron-diffraction measurements.17

Hyperfine parameters such as the hyperfine field~HFF!
reveal important information regarding the interaction of
nucleus with the surrounding charge distribution. There
various techniques like Mo¨ssbauer spectroscopy, nucle
9-5
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TABLE I. Calculated site projected spin moment and total energy in Co2FeGa. Thed-orbital contribution
is further broken down ineg and t2g component. Experimental values are shown in parentheses along
the temperatures at which the magnetic moments are measured and the available reported Curie tem
(TC).

Co 3d moment (mB) Fe 3d moment (mB) Ga moment
(mB)

Co2FeGa
molecule (mB)

d d-eg d-t2g d d-eg d-t2g 5.03
20.07 (5.13,a T54.2 K!

1.20 0.86 0.34 2.66 1.49 1.17 ~4.72,b T5223 K,
~0.72b! ~0.34b! ~1.46b! ~1.10b! TC.1100 K!

Total energy~Ry/atom! 210210.84

aBuschow and van Engen~Ref. 16!.
bBrown et al. ~Ref. 17!.
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magnetic resonance, or perturbed angular correlation
which it can be measured. The dominant contribution to
hyperfine field results from the Fermi contact interaction a
is given by the magnetization density at the nucleus. T
three terms consisting of this dominant Fermi contact term
dipolar term, and an orbital contribution constitutes the to
hyperfine field~HFF!. In this paper, we have considered on
the contribution to the hyperfine field through the Fermi co
tact interaction, which within the scalar relativistic limit
obtained from the spin densities at the nuclear site,

Hc5
8

3
pmB

2@r↑~0!2r↓~0!#, ~3!

whereas within the fully relativistic scheme this spin dens
at the nucleus is substituted by its average over the Thom
radiusr T5Ze2/mc2.42 For a better understanding of the or
gin of the hyperfine field we here have calculated the
projected valence electron contribution as well as the c
contributions. Hyperfine fields at the constituent atoms
Co2FeGa are listed in Table II, along with previously r
ported experimental values. It is important to note here t
the absolute value of the valence and the core contributio
the hyperfine field at the Fe site are large and are of oppo
signs. In Co2FeGa where Fe has a large magnetic mom
~about 2.66mB), the negative contributions toHval(Co) from
Fe moment is larger than the positive contribution from
Co moment itself. Hence theHval(Co) value becomes nega
tive. On the other hand theHval(Fe) value is positive due to
large magnetic moment of Fe. As discussed in the ea
studies42 the core contribution to the HFF at the Fe site ha

TABLE II. Calculated valence, core, and total contribution
the Fermi contact hyperfine fieldH in kG of the constituent atoms
in Co2FeGa. Experimental value is listed in columnHexp.

Compound Valence
(Hval)

Core
(Hcore)

Total
(H tot)

Experiment
(Hexp)

Co 23.38 2147.80 2151.18 2182.0a

Co2FeGa Fe 110.23 23.22.65 2212.42
Ga 223.83 0.45 223.37

aYoshimuraet al. ~Ref. 6!.
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large negative value and can be qualitatively interpreted
follows. The majority-spins electrons present in the cor
will be pulled into the region of the spin-polarized 3d shell,
since the exchange interaction is attractive, whereas
minority-spin electrons will be repelled from thed shell. At
the Fe nuclear position an excess of minority electrons, i.e
negative polarization, is therefore created. Furthermo
since the local moment on the Ga site is negligible, the c
contribution to the HFF at this site is small.

V. TOTAL AND PARTIAL DENSITY OF STATES AND
ELECTRON DENSITIES

The total and partial densities of states of Co2FeGa was
calculated utilizing the modified tetrahedron method
Blöchl et al.43 The electronic state density~DOS! where↑
represents the majority spin electrons and↓ the minority spin

FIG. 6. Total majority (↑) and minority (↓) state densities pe
eV and unit cell for ferromagnetic Co2FeGa.
9-6
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MAGNETIC COMPTON SCATTERING STUDY OF THE . . . PHYSICAL REVIEW B 63 064409
electrons is shown in Fig. 6. Decomposition of the total d
sity of states which clarifies the origin of the peak structur
are presented in Figs. 7 and 8, respectively, showing
majority-spin and minority-spind densities of states of Co
and Fe. In Fig. 6 the region between211 and28 eV in the
valence band shows the contribution from the Ga 4s states
with small contributions from Co and Fe 4s states, while the
rest of the valence bands of Co2FeGa are mainly derived
from the 3d electrons of Co and Fe. A close examination

FIG. 7. Majority and minority spind-electron state densities o
Co plotted upward and downward for Co2FeGa.

FIG. 8. Majority and minority spind-electron state densities o
Fe plotted upward and downward for Co2FeGa.
06440
-
,
e

f
Figs. 7 and 8 reveals that for the majority spin the Co-d and
Fe-d are mainly confined in the region between26 and
21 eV, whereas for the minority spin in the conduction ba
~about 1 eV above the Fermi level! the Co-d states hybridize
with the Fe-d states. The atom and symmetry projected d
sities of states~PDOS! of Co and Fe shown in Fig. 9, clarify
the character of the bands. At the Co site, for the spin
band in the valence band there is almost equal contribut
from eg andt2g electrons. While for the minority spin, in th
valence band the Cot2g states are more dominating than th
Co eg states. For Fe the majorityeg band is nearly full and
has negligible DOS atEF , the higher DOS atEF being in the
t2g band. However, there does not seem to be high eno
DOS in the minority-spineg band belowEF . The present
theory shows that the Co2FeGa Heusler alloy cannot be cla
sified as a half metallic ferromagnet.

In order to understand the electronic states of Co2FeGa,
we constructed the valence-electron density maps in
@110# plane. A detailed calculation of charge densities with
FLAPW formulation was given by Blaha and Schwarz44

Figure 10 shows the plot of electron density corresponding
the valence band. The spin density (r↑2r↓) map on the
Co2FeGa@110# plane is shown in Fig. 11. The large peaks
the three-dimensional graph coincide with the locations
the magnetic ions of Co and Fe. Thus it is evident from

FIG. 9. Atom and symmetry projected density of states
Co2FeGa, with majority plotted upward and minority plotted dow
ward. eg and t2g symmetries are solid and dashed lines, resp
tively.
9-7
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figure that magnetization results from both the Co and the
atoms. Furthermore the magnitude of the spin density is
served to be highest at the Fe site whereas around gal
~Ga!, it is extremely small~Table I!. As pointed out in the
previous section, this magnetization at the Co and Fe sit
mainly eg in character.

VI. MAGNETIC COMPTON PROFILES

The experimental magnetic Compton profiles are sho
in Fig. 12, together with those calculated by the FLAPW
GGA method, the latter after convolution with the expe
mental resolution. The experimental profiles are normali
to the 300-K magnetization of 5.10mB . The agreement is
generally good but for 0,p,1 a.u. the calculated value
utilizing the FLAPW-GGA scheme overestimates the expe
mental values in all the three directions. The magne
Compton profiles can be separated into the relative contr

FIG. 10. FLAPW-GGA valence electron density in the@110#
plane in units of 0.01e/Å3; logarithmic scale; contour lines diffe
by a factor ofA2.

FIG. 11. FLAPW-GGA three-dimensional-plot of the spin de

sity (r↑2r↓) of Co2FeGa in the@110# plane; linear scale, in units
of e/Å 3.
06440
e
b-
m
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n
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d

i-
c
u-

tions from different atomic sites, by utilizing the Compto
profiles for electrons in free atom45 as a basis function to fi
the magnetic line shape. Initially, to one, it might seem
appropriate to use a free atom basis, but successful re
have been reported in the case of number of rare-earth
actinide ferromagnets.46–48 This is mainly because the free
atom momentum densities must result in a good descrip
of the momentum distribution away from the low
momentum region due to the following energy consid
ations. The kinetic energy of a system is determined eit
by the second moment of the Compton profile@pz

2J(pz)#, or
of the parent momentum density@p2n(p)#, and hence from
the viral theorem, the total energy. Hence in this express
for the energy the high momentum density is progressiv

FIG. 12. The experimental and theoretical directional magn
Compton profiles of Co2FeGa normalized to 5.10mB . The open
circles show the experimental data averaged over the low- and h
energy sides of the profile. The statistical errors at low momenta
shown by the error bars; at high momentum these errors are sm
than the diameter of the circles. The solid line represent
FLAPW-GGA calculated results convoluted with the experimen
resolution of 0.66 a.u. Decomposition of the experimental data
the effective-3d (Eff3d) free-atom and free-electron Compton pr
files are shown by dotted and dot-dashed curves, respectively~the
latter curve has been shown only for the@100# direction! and were
convoluted with the experimental resolution of 0.66 a.u. The ar
under the effective 3d free-atom and free-electron profiles a
5.70mB and 0.60mB , respectively. The dashed line represents
sums of the effective 3d (Eff3d) and free-electron profiles an
show the overall quality of the fits to the experimental data.
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weighted byp2. Moreover, the cohesive energies, propo
tional to the difference between these moments obtained
the solid and the free atom, constitute a small fraction of
total energy. So, keeping thep2 weighting in mind, this dif-
ference can only derive from significant differences betwe
the free-atom’s and the solid’s Compton profiles for the lo
momentum behavior. At the high momenta the density d
tribution, and hence the Compton profiles, must be ac
rately free-atom like. Here for Co2FeGa, the 3d free atom
Compton profiles of Co and Fe are almost similar at
experimental resolution and separation of the two com
nents are difficult. But as pointed out in the earlier sect
and also in Table I, the calculated 3d moments at the Co an
the Fe sites are in good agreement with the recently repo
neutron data.17 Keeping this in mind, we obtained a weighte
effective-3d (Eff3d) profile as

Eff3d5
23Co3d

5.03
FreeCo3d1

Fe3d

5.03
FreeFe3d , ~4!

where FreeCo3d and FreeFe3d represents the 3d free-atom
Compton profile of Co and Fe atom taken from Big
et al.,45 while 5.03mB represents the calculated spin mome
per unit formula and the whole profile was renormalized
the experimental magnetic moment of 5.10mB . The
Co3d (1.20mB) and Fe3d (2.66mB) represents the theoret
cally calculated 3d-moments of Co and Fe in Co2FeGa, and
are shown in Table I. It is important to note here that
finding the effective-3d profile the presence of the two atom
of Co in Co2FeGa has been taken into consideration by m
tiplying the first term of Eq.~4! by a factor 2. The magnetic
Compton profiles of Co2FeGa was then fitted by this resul
ant effective 3d free-atom profiles and a parabola, which
the profile appropriate to a free-electron, to describe the
localized components, and are shown in Fig. 12. The ave
effective 3d moment was found to be 5.70mB , which leads
to an average value of diffuse moment of20.60mB .

Referring to Fig. 12 it is clear that both the experime
and theory verifies the existence of a central dip atpz50,
where the observed dip is slightly more than the calcula
FLAPW-GGA values. This central dip atpz50 a.u. clearly
indicates that the diffuse moment is opposed to the Fed
and Co-3d moments. This negative moment deduced fro
three directional measurements has an average valu
0.60mB . This contradicts the neutron data,17 where a positive
polarization was reported. Regarding this difference in
servation in the neutron data and the MCP results, a prob
reason may be that the neutron experiments does not m
sure directly the itinerant electron contribution, it is es
mated from the saturation magnetization measurements
the diffraction data. While on the other hand MCP measu
ments can measure the itinerant electron contribution
rectly. In the case of a 3d shell of Fe and Co the polarizatio
of diffuse ~itinerant! electrons as a result ofp-d hybridiza-
tion with Ga electrons might result in either parallel or an
parallel spin alignments. The experiment shows unequ
cally that the delocalized moment assigned to the diff
electrons is antiferromagnetically coupled to the 3d moment
at the Fe and Co sites.
06440
-
or
e

n
-
-
-

e
-

n

ed

t
y

l-

e-
ge

t

d

of

-
le
a-

nd
-
i-

-
e

According to the neutron data the anisotropy of the po
tion space magnetization density for Heusler alloys, which
assumed to be the spin magnetization density, should
small; the same should also be true for the magnetic Co
ton profiles. As shown in Fig. 13, it is evident that the d
ferences between the directional magnetic Compton pro
are significant, within the level of statistical errors. It is se
in Fig. 13 that there are some deviations from spericity
low momenta, which in general follow the indications of th
theory ~given by solid line!. A close inspection of the indi-
vidual profiles~Fig. 12! reveals that the differences betwee
theory and experiment is more pronounced in the lo
momentum region (pz,1 a.u.) where our theoretical value
overestimate the experimental results. But above 1 a.u.
theoretical results show very good agreement with the
perimental values.

VII. SUMMARY AND CONCLUSIONS

The experiments and calculations presented in this w
were undertaken to study the magnetic properties
Co2FeGa, Heusler alloy. We have used the detailed theo
ical calculations based on the FLAPW-GGA scheme. W

FIG. 13. Difference profiles reflecting the anisotropies in dire
tional magnetic profiles of Co2FeGa. The experimental and the th
oretical differences are plotted by open circles and the solid lin
respectively. The theoretical data obtained from the FLAPW-GG
calculations was convoluted with the experimental resolution
0.66 a.u.
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have also studied the trends in the spin moments, the
density, and also hyperfine field and compared with
available reported experimental results wherever possi

The hyperfine field was studied in order to examine
influence of the surrounding magnetic atoms on the mag
properties of an atom. We have seen the magnetic prop
of the Co atom in Co2FeGa are easily influenced by
surrounding atom on account of the small magnetic mo
~about 1.20mB in Table I! on the Co site. At the Fe site
sign of the Hcore has a high negative value while
Hval(Fe), there are two contributions; the positive contr
tion from its own moment and the negative one from
surrounding Co moments. The positive contribution bec
large because of the high moment at Fe site, hence sum
up these contributions, the hyperfine field eventually
comes negative for Fe~Table II!. It is also important to no
that the hyperfine field of Co calculated within the FLAP
GGA scheme is in good agreement with the previousl
ported experimental value of Yoshimuraet al.6 ~Table II!.
The band-structure character plots in Figs. 5~a!–5~d! provide
us a clear picture of the contributions of the different s
of Co and Fe in the valence and the conduction bands f
majority and the minority spin, respectively. It is found
d bands of Fe approach and hybridize with thed bands o
Co. From the band-structure analysis we found that fo
majority-spin electrons the Fermi level cuts the spi
bands, which is characteristic of a metallic band, along
a hole pocket centered atG, while for the minority-spin ele
trons the Fermi level lies at the bottom of the conduc
band. Thus our band-structure calculation results sugge
Co2FeGa, the compound in question, cannot be classifi
a half metallic ferromagnet. Moving a step further we s
ied the atom and symmetry projected densities of s
~PDOS! ~Fig. 9!, to clarify the character of the bands. In
context, it is important to note here that we studied indiv
ally the contribution of the Co and Fe-3d eg and t2g sub
bands. As seen from Table I the calculatedd-eg , t2g contri-
bution has been in excellent agreement with the rec
reported neutron data, and confirms our results tha
Co-3d and the Fe-3d moments are mainlyd-eg in characte

The Co-3d and Fe-3d contribution to the density of sta
extends to about 6 eV below the Fermi level. The cont
tion to the total density of states between211.2 and28 eV
-

t

y

a
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is from the Ga-4s orbital with small contributions from
Co-4s and Fe-4s states. As summarized in Table I, the m
ment at the Fe site is much higher than at the Co site, wh
is also clearly evident from Fig. 11.

Finally, the magnetic Compton profiles from the FLAPW
GGA calculations are in good agreement with the expe
ment ~Fig. 12!. From our study it is evident that withpz
,1.0 a.u. our theoretical results overestimates the exp
mental values, but abovepz.1.0 a.u. our theoretical value
are in excellent agreement with our measured data. The
fuse conduction electron contribution to the spin mom
was about20.60mB with an error of60.04mB , in contra-
diction to the neutron data which reported a moment
10.43mB . On the other hand, the theoretical results for t
3d spin moment for Co and Fe (1.20mB and 2.66mB) along
with their eg andt2g contributions are in excellent agreeme
with the neutron data.17 Here we have used the present th
oretical results for the individual moments of Co and Fe,
obtain the Eff3d profile and hence the delocalized mome
(20.60mB). As we have seen from the theoretical study t
eg moment dominates the Co and the Fe 3d moments, hence
for the further study it will be interesting to observe th
individual eg contribution to the profile nearpz50. The ex-
periment confirms that the majority and minority bands a
anisotropic. The comparison with the experiment underlin
the importance of performing calculations using a ferrom
netic ground state. From the experimental point of view
will now be more interesting to study and investigate t
specific features in these profiles which are not descri
well, i.e., the shape of the profiles at low momentum and
blurring of the umklapp features; utilizing the high
resolution measurements,49–51 whereDp'0.15 a.u. achiev-
able with crystal spectrometers.
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