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Magnetic Compton scattering study of the CgFeGa Heusler alloy: Experiment and theory
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The spin density in Cd~eGa 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
(BLO8W) 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 plangria@RW-GGA)
method. The magnetic Compton profiles for {i€0], [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
0.60ug, Which is at variance with the prediction of a positive moment from the recent neutron data. In the
calculation, 3 spin moment at the Co and Fe site was found to bedz28nd 2.66.5, and their respective
contribution in theey andt,4 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 arejrimagtipracter.
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. INTRODUCTION experiments performed on GMnAl, Pd,MnSn, and
Ni,MnSn sampleS® it was concluded that thed3electrons
Heusler alloys are ternary intermetallic compounds withare well localized on the Mn atoms and in the Heusler alloys
stoichiometric compositioX,Y Z, whereX can be a 8, 4d,  the interactions are long range, extending to more than eight
or 5d element(e.g., Co, Fe, Ni, Cu. . .); Y canbe Ti, V, Cr,  neighbors. These Mn-Mn large distance interactions are in-
Mn, Fe andZ is, for example, Al, Si, Ga, As, In, or Sn. terpreted by ans-d interaction of the Ruderman-Kittel-
Heusler alloys are interesting magnetic systems because th&asuya-Yosida type.
possess localized magnetic moments, although they are all A number of theoretical calculations of electronic struc-
metallic. Heusler alloys have a2, lattice structure, where ture and magnetic-moment formation in Heusler all%ﬂfgl
eachX atom has fouly atoms and fouZ atoms as the nearest accompanied the earlier experimental reports. Iskical, 14
neighbors and eachf or Z atom is surrounded by eigiX  performing band-structure calculations for f&mSn,
atoms. IfX andY are magnetic, they influence each other'sCo,TiSn, and CgTiAl, showed that the small humps of the
magnetic properties. The formation and coupling of the magdensity of states near the Fermi level determined the small
netic moment in Heusler alloys are still the subject of numerCo magnetic moment of G¥Z The Korringa-Kohn-
ous theoretical and experimental studies. The Mn atom at throstoker calculations of electronic and magnetic properties
Y site inX,MnZ carries a large magnetic moment (3u4), of Co,MnZ (Z=Ai, Ga, Si, Ge, and Snby Fuijii et al®®
while Mn at anX site in M, VAI carries a small amount  showed that the magnetic moments and the hyperfine fields
(1-2ug)." Many Co Heusler alloys with chemical formula on the Co and Mn are influenced by the nonmagrttom.
Co,Y Z have been discovered and it was found that the CQ\ similar approach to Co-Ni Heusler alloys, with detailed
atom carries a small magnetic momeless than Lg).  band-structure calculations, has been presented by Tobola
Webstef observed that the Co and the Mn moments inet g]15
Co,MnZ are larger for the alloys containing the BVele- Though many theoretical and experimental studies on the
ments = Si, Ge, and Snthan for the alloys containing Bl electronic structure of Heusler alloys of the forkyY Z
elements Z=Al and Ga. Hyperfine fields at Co and Mn whereY=Mn have been reported earlier, the compound in
sites in CQMnZ (Z=Si, Ge, Sn, Al, and Gahave been question here (G#eGa) has been earlier studied by Bus-
observed® The Mn hyperfine field was found to be roughly chow et al® and very recently by Browret all” utilizing
proportional to the Mn moment, while Co hyperfine field polarized neutron-diffraction measurement. In their neutron
was not proportional to the Co moment. Furthermore, theliffraction study Browret all’ obtained a small positive de-
experimental results show that the Co hyperfine field inlocalized moment for CdeGa and CgMnGe contrary to
Co,Y Z changes drastically with increasing number of va-the other Co-based Heusler alloys where delocalized moment
lence electrons of th¥ atom (Y=Ti, V, Cr, Mn, Fe. were found to be small and negative. Thus bearing these
The formation and coupling of the magnetic moments inconsiderations in mind, it seemed worthwhile to undertake
Mn related Heusler alloys have been studied widely theoretian experimental-theoretical study of £F@Ga Heusler alloy,
cally and experimentally. From the early neutron-scatteringand motivated us for the present experimental Compton scat-
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tering investigation. With the more direct access to the spin-
dependent electron momentum density provided by the mag-
netic Compton scattering technique, we decided to confront
highly accurate full-potential linear augmented plane-wave
method utilizing the generalized gradient approximation
scheme(FLAPW-GGA) computations with the correspond-
ing measurements. Another reason for interest in this com-
pound is the recent excitement in these alloys triggered by
the possibility that they are half metallic ferromagnets. For
half metallic ferromagnetic systems, the density of states at
the Fermi level for one sub-band is very small whereas that
of the other is large. It should be noted that these systems
exhibit metallic behavior for electrons of one spin state and
insulating for the other. The potential technological impor-
tance of half-metallic ferromagnet$!® e.g., spin valves,
made this class of compounds to be the subject of ongoing
experimentdf and theoreticaf studies. Half metallic ferro-
magnets was report&tin intermetallic compounds contain- ~ FIG. 1. The crystal structure of the Heusler alloy,€eGa,

ing manganese, with semi-Heusler culit,, structure such showing the four mterpene_tratlng fcc sublattices. Co occligy,

as NiMnSb. Moreover, recent band-structure calculationd/4:1/4 and(3/4,3/4,3/4 positions. Fe are d1/2,1/2,1/2 and Ga at
have reported identical properties for related iron and cobalf®:0:0- The medium spheres denote the Fe sites, the small and the
based Heusler alloyd, Cr0,22% and doped manganese '29€ SPheres are the Co and Ga sites.

perovskite€* Half metallic behavior has been predicted for

Co,MnSi,~* which is a member of the series of ferromagnencgp, Fe 3, Ga &) were treated in the same energy window

Heusler alloys in Wh'Ch both cpbalt and manganese atomsy using local orbitafs’ as an extension to the LAPW basis
carry moments. It is well established that the magnetic prop-

arties of these compounds depend sensitively on the de rset. This method is based on the first-principles density-
: P P y I ¢8nctional theory with the generalized gradient approxima-
of atomic order and on the conduction electron

concentratiof® The purpose of this present calculation istion (GGA) for the exchange correlati ’ throughout.
n.- The purp prese . GGA has a stronger formal foundation because it accounts
also to obtain evidence for the half metallic behavior.

The outline of this paper is as follows. The introductory specifically for density gradients that are neglected in local-

remarks are followed by Sec. Il which gives the salient fea-denSIty approximatiorLDA), and does so in a way that

. . . satisfies several exact constraints in the form of the
tures of the FLAPW'GGA computau_ons. Section Il is de- exchange-correlation energy functional. It has been seen that
voted to the relevant details of experiment and data proces\%é<

e

ing. The band structure and the hyperfine fields are presente Gér?rﬁgnthItcél ggef ; %?E :Igarlnlgggggn;g LEI ctcr)gzﬁirésnon 0
in Sec. IV. In Sec. V the total and the partial densities of P ’

o netals®! lanthanides? and ionic insulators® Very recently
states and electron densities are analyzed. The magne ebet al3 have shown that GGA gives an overall improve-
Compton profiles and their anisotropie_s are pres_ente(_j in Seﬁﬁent witﬁ experimental data for Heusler alloys also com-
x:l Finally, the summary and conclusions are given in Secpared to LDA. Assessing the differences between GGA and

’ LDA is delicate, requiring in principle a full potential
method. The muffin-tin sphere rad® used are 2.2 a.u. for
II. HEUSLER STRUCTURE AND METHOD Co and Fe and 2.4 a.u. for Ga. Inside the atomic spheres the
OF CALCULATION charge density and the potential are expanded in crystal har-
o ) monics up td=6. The radial basis functions of each LAPW
CoFeGa at stoichiometry corresponds to an ideal Heuslefere calculated up tb=10 and the nonspherical potential
(L2,) structure compound, having space grém3m. This  contribution to the Hamiltonian matrix had an upper limit of
structure type, shown in Fig. 1, is based on an underlying bcf— 4 The Brillouin-zone integration was done with a modi-
arrangement of atomic sites with lattice constar?, with  fied tetrahedron methédand we used 22K points in the
Ga atoms a(0,0,0, Fe at (1/2,1/2,1/2), and Co atoms at jreducible wedge of the Brillouin zon@BZ). The density
(1/4,1/4,1/4p and (3/4,3/4,3/49, wherea=5.737 A'is the plane-wave cutoff iR K,,,=8.7, providing well converged
lattice constant of the resulting fcc compound. basis sets which leads to about 400 basis functions, while the

The FLAPW (Ref. 26 method is among the most accu- potential cutoff extends up to 14, so no shape approximation
rate band-structure methods currently available. In thigg the potential is necessary.

method the space is divided into an interstitial region and

nonoverlapping muffin-tin(MT) spheres centered at the ll. EXPERIMENT AND DATA PROCESSING

atomic sites. In the interstitial region, the basis set consists of

plane waves. Inside the muffin-tin spheres, the basis set is Compton scattering is an incoherent process, therefore the
described by radial solutions of the one-particle Sdimger  method can only be applied to the materials with a net mag-
equation, at fixed energies, and their energy derivatives timesetic moment, i.e., ferro- or ferrimagnets. Because of the

spherical harmonics. Valence states and semicore states
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Liquid He Cond

Ge-SSD
: FIG. 2. Schematic of the experimental setup.
The scattering geometry using the superconduct-
Water Cooled ing magnet. The field is 2.5 T and has a unifor-
N 300-keV monochromator ; e
A S mity of 2% over the sample position.
17 - —

inherently small cross section being involved, magneticference between the spin-up and spin-down signals, thereby
Compton scatteringMCS) experiments have only become eliminating the charge scattering, which is unaffected by the
feasible with the advent of high-energy synchrotron radiatiorfield direction®*“°It is important to note that the area under
sources. Measuring alternately the standard Compton profikie Compton profilel(p,), integrated over all momenta, is
with opposite sample magnetization, MCS provides informajust equal to the total number of electrons. On the contrary
tion of the momentum distribution of the difference betweenthe area under the magnetic Compton profile is numerically
the spin-up and spin-down electrons. To be sensitive to magtdual to the spin moment in Bohr magnetons.

netic electrons, these experiments require circularly polar- The Compton measurements on the,BeGa Heusler al-
ized photons that couple to the term in the incoherent scal®y Was performed at the magnetic Compton spectrometer
tering cross section arising from the interference betweefl'Stalleéd at the high energy inelastic scattering beamline
charge and magnetic scattering. Comprehensive reviews G-08W (Station A at SPring-8, Japan. The x-ray source of
Compton scattering related to charge and magnetization deffis beamline is an elliptic 37-pole wiggler with a critical
sities can be found in Refs. 36—38. Briefly, when linearlyPhoton energy of 42.6 keV, where the wiggler was operated
polarized radiation is utilized the spectrum of the inelasti-With Kx=0.6 andK,=11.2. A sketch of the experimental
cally scattered radiation can be interpreted, with an impulséTangement is shown in Fig. 2. Elliptically polarized 274-
approximation, in terms of the projection of the electron mo-K8V_Xx rays were monochromatized by an asymmetric
mentum distributionn(p), along the scattering vector. This Si(771) Johann-type monochromator. The angle of Compton
quantity is referred to as the Compton profile and usua||ys.catter|ng was 175°. The flux at the sample was of the order

denotedl(p,) where thez direction is parallel to the scatter- of 10%° photpn/s and the degree_of circular polarization was
ing vector, about 0.7 with an energy resolution AfE/E<5x 10 3. In-

got of CopFeGa was examined using the Laue diffraction
technique. Single crystals were cut from the ingot in the form
J(pz):f f [n(p);+n(p) Jdp.dpy (1) of rectangular parallelepipeds with approximate dimensions
8X7X7 mm. The samples were mounted in an external field
Here the momentum distribution(p), has been splitinto of 2.5 T generated by a superconducting magnet, which is
spin up,n(p);, and spin downn(p);, components. The sufficient to saturate the magnetization of the samples at 300
momentum space wave functions, from which the densitK.
distributions are formed, are simply Fourier transforms of The Compton profiles were measured along [he0],
their position space counterparts. [110], and[111] principal directions. A beam 3 mm high and
When circularly polarized radiation is utilized there is a 1 mm wide was incident on the sample. One interesting fea-
coupling between charge and spin scattering resulting in &re of this experiment was the use of the superconducting
term depending on the spin density. The magnetic Comptomagnet that has been designed and constructed for magnetic
profile Jyag(P,), Which can be deduced from the scatteringCompton profile(MCP) measurements at BLO8W. The su-
cross section, can be expressed as perconducting magnet is described elsewhere in detail by
Sakaiet al** A maximum magnetic field+3 T could be
generated with a current af 79 A, and the field direction
Jmag(pz):f f[n(p)T—n(p)i]dedpy. (2 can be altered quickly by changing the current direction
(within 5 ), and liquid-He refill is not required for more than
Experimentally it can be obtained by the reversal of thea few months, which is long enough to measure an ordinary
direction of the sample magnetization and forming the dif-set of MCP data.
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The data were collected using a Ge solid-state detecto
(Ge SSD. The momentum resolution was 0.66 a.u. (1 a.u.
=1.99x 10" ?* mkg/9, which was mainly restricted by an
energy resolution of the Ge SSD. The magnetic field in the
sample was reversed in the sequenceof{,—,+,—,+,
+,—), where (+) and (—) represents the relative direction
of the magnetic field (+) being parallel to the scattering
vector and ) vice versd A switching time ¢ 6 s and
dwell time of 60 s was used to ensure good signal averaging

The integrated counts for the momentum rang&0—
+10 a.u. were equal t0710° under the Compton line in
the total (i.e., spin-up plus spin-downspectrum and 4
X 10* in the spin-dependent Compton profilee., spin-up
minus spin-dowp for the [110] direction. The measurement
time was 32 h. Energy-dependent corrections, namely for
absorption in the sample and for the charge and magnetis
cross sections, were applied to the raw data. Since the ane
lyzed Compton line lies in a relatively narrow energy range
where the efficiency of the Ge SSD is close to 100%, no
energy-dependent efficiency correction was deemed neces
sary. The ordinate of the data has been then transforme
from energy to momentum in atomic units and folded about
p,=0. Finally the magnetic profiles were normalized to a
spin moment per unit formula. The value is deduced to be
5.10ug at 300 K from the magnetization data of the
Co,FeGa Heusler alloy by Buschoet al®

IV. BAND STRUCTURE AND HYPERFINE FIELDS

The majority and minoritywhich we will refer to as up
and down band structure resulting from FLAPW-GGA cal-
culation in the high-symmetry directions in the Brillouin
zone are shown in Figs. 3 and 4, respectively. The valence
band has a band width of 11.2 eV. The lowest valence band
which is separated from the other valence bands by an en
ergy gap of about 0.8 eV for both majority and minority
spins, is of Ga 4 character along with contributions from Co
and Fe 4 states. From Fig. 3 it is evident that for the ma-

jority spin electrons the band structure has metallic intersec-

tions, and band 17 gives rise to a hole pocket centeréd at

For the minority spin electrons the Fermi level lies just at the

bottom of the conduction ban¢Fig. 4). It is important to

note here that an analysis of the eigenvectors allows us t¢~

reveal information about the character of the bands. From th
character of the bands it is clear that the valence bands a
derived from the 8 electrons of Co and Fe and Ga élec-

trons. The important main results of this analysis are showns

in Figs. §a)—5(d), where the symbol size used is propor-

tional to the strength of the orbital character of the bands

(i.e., the size of each circle is proportional to the partial
charge of the specified atgnrom the figures it is evident
that the lower conduction bandsvithin 1 eV above the
Fermi leve) for the minority spin, are made of hybridized
bands between Co and Fkeorbitals [Figs. §b) and §d)].
While the majority-spin valence bandwithin 6 eV below
the Fermi level, are made of hybridized bands between Co
and Fed stateqFigs. 5a) and 5c)]. It is to be noted that for
the minority spin the Cad states extend to 6 eV in the va-
lence band whereas the [Eestates are pronounced in region

Energy (eV)

4.0
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FIG. 3. The FLAPW band structure of ferromagnetic,EeGa
along the high symmetry lines for the majority spin.

between 2 and 4 eV in the valence band. Moreover, the
Co-3d moment and Fe-@ moment together with the mo-
ments of theire; andt,; symmetries utilizing the FLAPW-
GGA scheme along with available experimental results are
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FIG. 4. The FLAPW band structure of ferromagnetic,EeGa
along the high-symmetry lines for the minority spin.
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FIG. 5. The FLAPW-GGA band-character plots for f£8Ga:(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.

listed in Table I. The total magnetic moment in FeGa Co and the Fe sites are in excellent agreement with the re-
from the present calculation is found to be in good agreecently reported neutron-diffraction measuremefits.

ment with the corresponding experimental values. From Hyperfine parameters such as the hyperfine figl&F)
Table 1 it is evident for the Co and Fe sites that there is aeveal important information regarding the interaction of a
large preponderance of tieg carriers. Our calculated values nucleus with the surrounding charge distribution. There are
of the spin moment of the, and thet,, sub-bands for the various techniques like Mwsbauer spectroscopy, nuclear
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TABLE |. Calculated site projected spin moment and total energy yF€Ga. Thed-orbital contribution
is further broken down irey andt,, component. Experimental values are shown in parentheses along with
the temperatures at which the magnetic moments are measured and the available reported Curie temperature

(Te).
Co 3d moment (ug) Fe 3d moment (ug) Ga moment Co,FeGa
(mg) molecule (wg)
d d-e d-tyg d d-ey d-tyg 5.03

—-0.07 (5.1 T=4.2K)
1.20 0.86 0.34 2.66 1.49 1.17 (4.72° T=223 K,

0.7  (0.34) (1.46°  (1.10) Tc>1100 K)

Total energy(Ry/atom —10210.84

#Buschow and van EngefRef. 16.
bBrown et al. (Ref. 17.

magnetic resonance, or perturbed angular correlation blarge negative value and can be qualitatively interpreted as

which it can be measured. The dominant contribution to thdollows. The majority-spins electrons present in the core

hyperfine field results from the Fermi contact interaction andwil

is given by the magnetization density at the nucleus. Theince the exchange interaction is attractive, whereas the

| be pulled into the region of the spin-polarized 3hell,

three terms consisting of this dominant Fermi contact term, aninority-spin electrons will be repelled from thieshell. At

dipolar term, and an orbital contribution constitutes the totakthe Fe nuclear position an excess of minority electrons, i.e., a
hyperfine field HFF). In this paper, we have considered only negative polarization, is therefore created. Furthermore,
the contribution to the hyperfine field through the Fermi con-since the local moment on the Ga site is negligible, the core

tact interaction, which within the scalar relativistic limit is contribution to the HFF at this site is small.

obtained from the spin densities at the nuclear site,

8
He=5 m8lp1(0) = p,(0)], 3

whereas within the fully relativistic scheme this spin densityCa
at the nucleus is substituted by its average over the Thoms
radiusrr=Ze*/mc.*? For a better understanding of the ori-
gin of the hyperfine field we here have calculated the site
projected valence electron contribution as well as the core
contributions. Hyperfine fields at the constituent atoms of
Co,FeGa are listed in Table I, along with previously re-
ported experimental values. It is important to note here that
the absolute value of the valence and the core contribution o
the hyperfine field at the Fe site are large and are of oppositt
signs. In CgFeGa where Fe has a large magnetic moment
(about 2.66.), the negative contributions td, 5, (Co) from

Fe moment is larger than the positive contribution from the
Co moment itself. Hence thd,,(Co) value becomes nega-
tive. On the other hand the ,,(Fe) value is positive due to
large magnetic moment of Fe. As discussed in the earliei
studieé? the core contribution to the HFF at the Fe site has a§

in)

ates/eV/Spi

TABLE II. Calculated valence, core, and total contribution to
the Fermi contact hyperfine field in kG of the constituent atoms
in Co,FeGa. Experimental value is listed in colurhig,y,.

Compound Valence  Core Total Experiment
(Hval) (Hcorg (Htot) (Hexp)
Co —3.38 —147.80 —151.18 -182.G¢°
CoFeGa Fe 110.23 —3.22.65 —212.42
Ga —23.83 0.45 —23.37
ayoshimuraet al. (Ref. 6. eV
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V. TOTAL AND PARTIAL DENSITY OF STATES AND

ELECTRON DENSITIES

The total and partial densities of states of,EeGa was

Iculated utilizing the modified tetrahedron method of
lochl et al
represents the majority spin electrons anithe minority spin

143 The electronic state densitfpOS) where |

10

-12 -10 -8 -6 -4 -2 0 2 4

Energy (eV)

FIG. 6. Total majority () and minority (/) state densities per
and unit cell for ferromagnetic GBeGa.
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Co-d

DOS (States/eV/Spin)

Energy (V)

FIG. 7. Majority and minority spird-electron state densities of
Co plotted upward and downward for geeGa.

electrons is shown in Fig. 6. Decomposition of the total den-

sity of states which clarifies the origin of the peak structures,
are presented in Figs. 7 and 8, respectively, showing the

majority-spin and minority-spird densities of states of Co
and Fe. In Fig. 6 the region betweenll and—8 eV in the
valence band shows the contribution from the Gastates
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Fe

DOS (States/eV/Spin)

v

S

3,

-2

Energy (eV)

FIG. 9. Atom and symmetry projected density of states of

Co,FeGa, with majority plotted upward and minority plotted down-

with small contributions from Co and Fes4tates, while the ward. e, and t,, symmetries are solid and dashed lines, respec-
rest of the valence bands of g@eGa are mainly derived tively.

from the 3 electrons of Co and Fe. A close examination of

Fe-d

DOS (States/eV/Spin)

Energy (eV)

FIG. 8. Majority and minority spird-electron state densities of
Fe plotted upward and downward for ®Ga.

Figs. 7 and 8 reveals that for the majority spin the €and
Fe-d are mainly confined in the region betweer6 and
—1 eV, whereas for the minority spin in the conduction band
(about 1 eV above the Fermi leyéhe Cod states hybridize
with the Fed states. The atom and symmetry projected den-
sities of statesPDOS of Co and Fe shown in Fig. 9, clarify
the character of the bands. At the Co site, for the spin-up
band in the valence band there is almost equal contributions
from e4 andt,q electrons. While for the minority spin, in the
valence band the C, states are more dominating than the
Co g, states. For Fe the majorigy, band is nearly full and
has negligible DOS &, the higher DOS & being in the
t,4 band. However, there does not seem to be high enough
DOS in the minority-spineg band belowEg. The present
theory shows that the GBeGa Heusler alloy cannot be clas-
sified as a half metallic ferromagnet.

In order to understand the electronic states ofKegsa,
we constructed the valence-electron density maps in the
[110] plane. A detailed calculation of charge densities within
FLAPW formulation was given by Blaha and Schwétz.
Figure 10 shows the plot of electron density corresponding to
the valence band. The spin density, p;) map on the
Co,FeGa[110] plane is shown in Fig. 11. The large peaks on
the three-dimensional graph coincide with the locations of
the magnetic ions of Co and Fe. Thus it is evident from the
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1.2
ol —= Eff,, [100]

Jnag(P)

JogP)

FIG. 10. FLAPW-GGA valence electron density in thELQ|
plane in units of 0.0E/A3; logarithmic scale; contour lines differ
by a factor ofy2.

figure that magnetization results from both the Co and the Fe
atoms. Furthermore the magnitude of the spin density is ob-&
served to be highest at the Fe site whereas around galliur, £
(Ga), it is extremely smal(Table ). As pointed out in the
previous section, this magnetization at the Co and Fe site is
mainly ey in character.

VI. MAGNETIC COMPTON PROFILES

p,la.u]

The experimental magnetic Compton profiles are shown ) ) o .
in Fig. 12, together with those calculated by the FLAPW- FIG. 12. The experimental and theoretical directional magnetic
GGA method, the latter after convolution with the experi- COMPton profiles of CgreGa normalized to 5.30;. The open
mental resolution. The experimental profiles are normalize&'rdes show the experimental data averaged over the low- and high-
to the 300-K ma. netization of 5.1G. The agreement is energy sides of the profile. The statistical errors at low momenta are
generally good b?]t for @p<1 a.u the calcugllated values shown by the error bars; at high momentum these errors are smaller

S - .than the diameter of the circles. The solid line represent our
utilizing the FLAPW-GGA scheme overestimates the EXPETl| APW-GGA calculated results convoluted with the experimental

mental Value$ in all the three dlrectlons. Th(_e rnagn('?"“Cresolution of 0.66 a.u. Decomposition of the experimental data into
Compton profiles can be separated into the relative contribuye effective-ai (Effsy) free-atom and free-electron Compton pro-
files are shown by dotted and dot-dashed curves, respectively
latter curve has been shown only for 00| direction) and were
convoluted with the experimental resolution of 0.66 a.u. The areas
under the effective 8 free-atom and free-electron profiles are
5.70ug and 0.6Qug, respectively. The dashed line represents the
sums of the effective @ (Eff;y) and free-electron profiles and
show the overall quality of the fits to the experimental data.

tions from different atomic sites, by utilizing the Compton
profiles for electrons in free atdthas a basis function to fit
the magnetic line shape. Initially, to one, it might seem in-
appropriate to use a free atom basis, but successful results
have been reported in the case of number of rare-earth and
actinide ferromagnef® =8 This is mainly because the free-
atom momentum densities must result in a good description
of the momentum distribution away from the low-
momentum region due to the following energy consider-
ations. The kinetic energy of a system is determined either
by the second moment of the Compton pro|[i|t§J(pZ)], or

FIG. 11. FLAPW-GGA three-dimensional-plot of the spin den- of the parent momentum densﬁpzn(p)], and hence from
sity (p;—p,) of Co,FeGa in the110] plane; linear scale, in units the viral theorem, the total energy. Hence in this expression
of e/A 3, for the energy the high momentum density is progressively

)
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weighted byp?. Moreover, the cohesive energies, propor- 0.00
tional to the difference between these moments obtained fo 0.06 - (100]-[110]
the solid and the free atom, constitute a small fraction of the

total energy. So, keeping the weighting in mind, this dif-
ference can only derive from significant differences between
the free-atom’s and the solid’s Compton profiles for the low-
momentum behavior. At the high momenta the density dis-
tribution, and hence the Compton profiles, must be accu-

rately free-atom like. Here for GBeGa, the 8 free atom -0.09 , , , , ,
Compton profiles of Co and Fe are almost similar at the 0.09
experimental resolution and separation of the two compo-7 o6t
nents are difficult. But as pointed out in the earlier sectiong: 0.03 |
and also in Table I, the calculated 3noments at the Co and £
the Fe sites are in good agreement with the recently reporte% 0.00
neutron datd’ Keeping this in mind, we obtained a weighted ¢ -0.0s}
effective-3 (Eff;y) profile as 3 -0.06
2% C = -0.09 =

Eff3d=TZ3’d Frengd+% FreeFgy, (4) ::: 0]
where FreeCg and FreeFg represents the @8 free-atom o.osﬁ\ o o oo
Compton profile of Co and Fe atom taken from Biggs 0.00 T P i W e
et al,** while 5.03u5 represents the calculated spin moment e o o T ® - 0 T O
per unit formula and the whole profile was renormalized by oosr - %o °
the experimental magnetic moment of 54f. The -0.06 -
Cogq (1.20ug) and Fgq (2.66ug) represents the theoreti- 0.0
cally calculated 8-moments of Co and Fe in GBeGa, and 0 ’ 2 3 . 5 s
are shown in Table I. It is important to note here that in o]

finding the effective-8 profile the presence of the two atoms
of Co in CgFeGa has been taken into consideration by mul- £ 13, pifference profiles reflecting the anisotropies in direc-
tiplying the first term of Eq(4) by a factor 2. The magnetic (jonal magnetic profiles of GFeGa. The experimental and the the-

Compton profiles of Cg-eGa was then fitted by this result- oretical differences are plotted by open circles and the solid lines,
ant effective & free-atom profiles and a parabola, which is respectively. The theoretical data obtained from the FLAPW-GGA

the profile appropriate to a free-electron, to describe the decalculations was convoluted with the experimental resolution of
localized components, and are shown in Fig. 12. The average66 a.u.
effective 3 moment was found to be 5.4@, which leads
to an average value of diffuse moment-60.60ug . According to the neutron data the anisotropy of the posi-
Referring to Fig. 12 it is clear that both the experimenttion space magnetization density for Heusler alloys, which is
and theory verifies the existence of a central dipat0, assumed to be the spin magnetization density, should be
where the observed dip is slightly more than the calculatedmall; the same should also be true for the magnetic Comp-
FLAPW-GGA values. This central dip @t,=0 a.u. clearly ton profiles. As shown in Fig. 13, it is evident that the dif-
indicates that the diffuse moment is opposed to the &e-3 ferences between the directional magnetic Compton profiles
and Co-31 moments. This negative moment deduced fromare significant, within the level of statistical errors. It is seen
three directional measurements has an average value of Fig. 13 that there are some deviations from spericity at
0.6Qug . This contradicts the neutron ddtayhere a positive  low momenta, which in general follow the indications of the
polarization was reported. Regarding this difference in obtheory (given by solid ling. A close inspection of the indi-
servation in the neutron data and the MCP results, a probabladual profiles(Fig. 12 reveals that the differences between
reason may be that the neutron experiments does not metreory and experiment is more pronounced in the low-
sure directly the itinerant electron contribution, it is esti- momentum regionf,<1 a.u.) where our theoretical values
mated from the saturation magnetization measurements armverestimate the experimental results. But above 1 a.u. the
the diffraction data. While on the other hand MCP measuretheoretical results show very good agreement with the ex-
ments can measure the itinerant electron contribution diperimental values.
rectly. In the case of aBshell of Fe and Co the polarization
qf diffgse (itinerand eIectfons as a resu_lt qf-d hybridiza- ' VIl. SUMMARY AND CONCLUSIONS
tion with Ga electrons might result in either parallel or anti-
parallel spin alignments. The experiment shows unequivo- The experiments and calculations presented in this work
cally that the delocalized moment assigned to the diffusevere undertaken to study the magnetic properties of
electrons is antiferromagnetically coupled to trlerBoment  Co,FeGa, Heusler alloy. We have used the detailed theoret-
at the Fe and Co sites. ical calculations based on the FLAPW-GGA scheme. We
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have also studied the trends in the spin moments, the spig from the Ga-4 orbital with small contributions from
density, and also hyperfine field and compared with theCo-4s and Fe-4 states. As summarized in Table I, the mo-
available reported experimental results wherever possible. ment at the Fe site is much higher than at the Co site, which
The hyperfine field was studied in order to examine theis also clearly evident from Fig. 11.
influence of the surrounding magnetic atoms on the magnetic Finally, the magnetic Compton profiles from the FLAPW-
properties of an atom. We have seen the magnetic propertié$GA calculations are in good agreement with the experi-
of the Co atom in CsgFeGa are easily influenced by the ment (Fig. 12. From our study it is evident that witp,
surrounding atom on account of the small magnetic moment 1.0 a.u. our theoretical results overestimates the experi-
(about 1.2 in Table ) on the Co site. At the Fe site the mental values, but above,>1.0 a.u. our theoretical values
sign of the H.oe has a high negative value while for are in excellent agreement with our measured data. The dif-
H,.(Fe), there are two contributions; the positive contribu-fUS€ conduction electron contribution to the spin moment
tion from its own moment and the negative one from theWas about—0.60ug with an error of£0.04ug, in contra-
surrounding Co moments. The positive contribution becomediction to the neutron data which reported a moment of
large because of the high moment at Fe site, hence summin 0.4%3. On the other hand, the theoretical results for the
up these contributions, the hyperfine field eventually be-" spln_moment for Co f"md, Fe (1'/29 and 2.6ug) along
comes negative for F@able I). It is also important to note W!th theireg andt,g c07ntr|but|0ns are in excellent agreement
that the hyperfine field of Co calculated within the FLAPw- With the neutron data’ Here we have used the present the-
GGA scheme is in good agreement with the previously re_oretlfsal results for the individual moments of C}o and Fe, to
ported experimental value of Yoshimue al® (Table I). obtain the Effy profile and hence the delocall_zed moment
The band-structure character plots in Fig@)55(d) provide ~ (—0-60ug). As we have seen from the theoretical study the
us a clear picture of the contributions of the different state§s Mement dominates the Co and the FerBoments, hence
of Co and Fe in the valence and the conduction bands for th{" the further study it will be interesting to observe the
majority and the minority spin, respectively. It is found that Individual & contribution to the profile negs,=0. The ex-
d bands of Fe approach and hybridize with théands of ~Periment _conflrms that the majority and minority bands_are
Co. From the band-structure analysis we found that for th&nisotropic. The comparison with the experiment underlines
majority-spin electrons the Fermi level cuts the SIOin_upthe'lmportance of performing calculauons using aferrpmag—
bands, which is characteristic of a metallic band, along witH'€tic ground state. From the experimental point of view, it
a hole pocket centered B{ while for the minority-spin elec- Will now be more interesting to study and investigate the
trons the Fermi level lies at the bottom of the conductionSPECific features in these profiles which are not described
band. Thus our band-structure calculation results suggest th&e!l: 1-€., the shape of the profiles at low momentum and the
Co,FeGa, the compound in question, cannot be classified 44U1ing of the umklapp features; utilizing the high-
a half metallic ferromagnet. Moving a step further we stud-"ésolution measuremerits;** where Ap~0.15 a.u. achiev-
ied the atom and symmetry projected densities of state@Ple With crystal spectrometers.
(PDOS (Fig. 9), to clarify the character of the bands. In this
context, it is important to note here that we studied individu-
ally the contribution of the Co and Fed3g; andt,, sub- We would like to thank Dr. O. MotohasiKJAERI), for
bands. As seen from Table | the calculateg,, t,4 contri-  the help in Laue photographs, and Professor N. Shig%uoni
bution has been in excellent agreement with the recentlkyo University of Fisherigsfor providing us the sample.
reported neutron data, and confirms our results that thhis experiment was done under the approval of SPring-8
Co-3d and the Fe-8 moments are mainlg-e; in character.  Proposal No. 2000A0165-ND-np. We also acknowledge the
The Co-3 and Fe-3l contribution to the density of states support by the SPring-8 Joint Research Promotion Scheme
extends to about 6 eV below the Fermi level. The contribu-under the auspices of Japan Science and Technology
tion to the total density of states betweeri1.2 and—8 eV Agency.
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