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Resonant-photoemission investigation of the Heusler alloys NizMnSb and NiMnSb
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Photoemission was used to investigate the electronic density of states (DOS) in Ni2MnSb and NiMnSb.
Comparisons with calculated band structures reveal reasonable agreement, but there are indications that
the calculations overemphasize Ni 3d contributions at some binding energies. Resonant effects at the
Mn 3p core threshold were employed to obtain information on the Mn 3d partial densities of states and
these indicate that Mn 3d character is spread throughout the valence bands, in agreement with theory.
These effects are strongest in the bottom of the valence band around a binding energy of 3.1 eV and pro-
duce structure which agrees well with the theoretical Mn 3d DOS, but are weak for other portions of the
calculated Mn DOS. These results are discussed in the context of models for the formation of localized
moments in these materials.

I. INTRODUCTION

Interest in Heusler alloys (X„Mn Y where n =1 or 2
and X=Cu, Ni, Co, P t, etc. , Y=Sn, In, Sb, etc.) has been
stimulated recently by theoretical predictions of half-
metallic character' and the observation of very large
magneto-optic effects in PtMnSb and NiMnSb. A prom-
inent characteristic of these materials, recognized from
previous experimental studies, is their local-moment
character with the full magnetic moment of approximate-
ly 4pz confined to the Ms site (with the exception of the
X=Co alloys). Understanding the manner in which the
local moments are formed and how they interact with the
conduction electrons is a prerequisite to understanding
the interesting and diverse magnetic, magneto-optic, and
transport properties of these materials.

Generally the local moments have been described
within a framework of virtual bound states derived from
the Ms 3d states. ' This description, usually associated
with dilute alloy systems, has been justified on the basis of
the large (-0.45-nm) separation between Mn atoms. 'o

Attempts to model magnetic properties within this
framework have been hampered by a lack of information
on the electronic structure. In addition, for cases where
self-consistent calculations have been performed, this lo-
calized picture of the Ms 3d states was challenged. Ku-
bler et al. interpreted their calculations for a variety of
Heusler alloys as indicating that the Mn and X element
3d electrons form a strongly hybridized and delocalized
band. "' They suggested that local moments are formed
from these completely delocalized X and Mn 3d electrons
by the exclusion of minority electrons from Mn sites
rather than by localization of Mn 3d states. ' This
description was echoed by da Silva, Jepsen, and Ander-
sen' in their studies of Ni2Mn Y ( Y=ln, Sb, and Sn) al-
loys.

With these disparate views of the moment formation
and underlying electronic structure in mind, we have
used photoemission to probe the valence electron states
in the Heusler alloys Ni2MnSb and NiMnSb. Ni2MnSb is

a ferromagnetic alloy with an L2, crystal structure while
NiMnSb has a Clb structure and is predicted to be a
half-metallic ferromagnet. ' The L2, structure can be
visualized as four interpenetrating face-centered-cubic
(fcc) sublattices with Ni atoms on two sublattices and Mn
and Sb each occupying one of the other two. The Clb
structure is formed by removing the Ni atoms from one
sublattice.

Synchrotron radiation was used as an excitation source
for photoemission studies. Resonant photoemission
effects at the Mn 3p threshold were employed to obtain
information on the Mn 3d partial density of states (DOS).
In agreement with calculations, the data suggest hybridi-
zation between Mn 3d and Ni 3d states. However, there
is evidence that the calculations overemphasize the Ni 3d
contribution at the bottom of the valence bands. Corre-
sponding differences in the resonant-photoemission be-
havior between Mn 3d states located in this region and
those closer to the Fermi level are observed. An explana-
tion of these factors is offered based on reduced hybridi-
zation between Ni 3d and Mn 3d states in the bottom of
the band. No significant differences in the Mn 3p
resonant-photoemission data from the two alloys were
observed, but these measurements are probably not sensi-
tive to changes in the interaction between Sb 5p and Mn
3d states close to the Fermi level which are predicted to
signal the half-metallic character in NiMnSb. '

The remainder of this paper is organized as follows.
Experimental details are presented in Sec. II.
Nonresonant-photoemission data are presented and dis-
cussed in Sec. III, while resonant-photoemission effects
are described in Sec. IV. A discussion of these results
and conclusions are offered in Sec. V.

II. EXPERIMENTAL DETAILS

Samples of NizMnSb and NiMnSb were obtained from
the Magnetic Materials Group at the National Institute
of Standards and Technology (NIST). Details of the pro-
duction of the alloys are contained in Ref. 15. The sarn-
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ples were polycrystalline and x-ray diffraction indicated
that the materials were single phase. Following ultrason-
ic cleaning in solvents, they were mounted in an
ultrahigh-vacuum (UHV) experimental chamber equip-
ped with a double-pass cylindrical mirror analyzer
(CMA). The chamber is located on Beamline 8 at the
SURF II synchrotron at NEST. A toroidal grating pro-
duced monochromatic light in the energy range from
about 20 to 150 eV. The overall energy resolution of the
experiment (monochromator plus electron energy
analyzer) was determined using the Fermi edge from a
sputtered Au foil and found to be approximately 0.4 eV
at a photon energy of 40 eV. The Au foil was also used to
locate the Fermi level in the alloy. Sample cleaning was
accomplished by scraping with a diamond file. Photo-
emission spectra obtained from surfaces produced in this
manner were reproducible and Auger spectra indicated
only Ni, Mn, and Sb. No changes in the photoemission
spectra were observed after a period of several hours in
vacuum (approximately 1 X 10 ' Torr). Evidence that
scraped surfaces had the appropriate bulk composition
was obtained by comparing the relative core-level intensi-
ties from several alloys with varying bulk compositions
(Ni2MnSb, NiMnSb, and Nio &MnSb). The relative inten-
sities scaled correctly from one alloy to the next within
the experimental uncertainty, suggesting that this
method produced surfaces with the correct composition.

Photoemission spectra were acquired in an angle-
integrating mode. Variation of the structure with sample
rotation was checked to ensure that there was no angular
dependence, implying that the angle integration was
sufficient to allow the data to be compared to calculated
densities of states. Also, the shape of the valence bands
did not change significantly for either material over the
photon energy range from 45 to 130 eV (ignoring reso-
nant effects near the Mn 3p and Ni 3p thresholds). Thus
final-state band-structure effects should not influence the
use of these spectra to provide a reasonable representa-
tion of the density of initial states.

III. NONRESONANT PHOTOEMISSION

Photoemission spectra for both alloys obtained with a
photon energy of 45 eV are displayed in Fig. 1.
Throughout the energy range employed in this work, the
structure in the photoemission spectra are representative
of the Ni and Mn 3d contributions to the electronic
structure. Intensity due to Sb Sp, 5s and Ni and Mn 3s
electron character is at least an order of magnitude lower,
due to decreased cross section and lower density of states.
Based on calculations of atomic cross sections, ' the ratio
oN;/O. M„ is expected to be approximately 1 for photon
energies around 40—50 eV. To facilitate comparisons,
the spectra in Fig. 1 have been scaled so that the valence
bands (after background subtraction) are normalized to
the approximate numbers of 3d electrons in each material
( —23 in Ni~MnSb and —14 in NiMnSb).

It is instructive to compare the photoemission data ob-
tained for these alloys with experimental results for Ni
and binary Ni alloys. ' At least in the case of Ni2MnSb,
where the photoemission at photon energies around 45
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FIG. 1. Comparison between photoemission spectra for
NizMnSb and NiMnSb taken at a photon energy of 45 eV. The
spectra have been scaled as discussed in the text.

eV is heavily dominated by the Ni 3d contribution, the
observed shift of the peak in the valence band toward
higher binding energy and the lower density of states
near the Fermi level compared with elemental Ni could
be interpreted according to Ref. 17 as evidence of hybrid-
ization and filling of the Ni 3d bands. Also the many-
body satellite normally observed in Ni and Ni compounds
is very weak in both of these materials, which again ac-
cording to the work of Ref. 17 could be interpreted as
evidence for filling of the Ni 3d bands through hybridiza-
tion.

Comparisons of the data to theoretical results are
presented in Fig. 2. The peak intensity in the calculated
DOS and the respective photoemission data (after back-
ground subtraction) have been set approximately equal so
that the similarities and differences in the overall shapes
of the theoretical and experimental results are evident.
The theoretical density of states (DOS) in Fig. 2(a) for
Ni2MnSb was taken from a linear muffin-tin orbital
(LMTO) by da Silva, Jepsen, and Andersen. " A similar
comparison results with the use of the appropriately
shifted DOS for Ni2MnSn from the augmented-
spherical-wave calculation of Kubler, Williams, and Sorn-
mers. " Only the Mn 3d and Ni 3d contributions are in-

cluded in the theoretical DOS and these were convoluted
with a 1-eV Gaussian to simulate intrinsic and experi-
mental broadening processes. Because the structure is
dominated by the 3d electron states, the use of the full
DOS provides a nearly identical comparison as far as the
shape of the band is concerned. For NiMnSb in Fig. 2(b),
the LMTO calculations of Kulatov and Mazin' are
presented, again with Gaussian broadening. In this case,
the partial DOS were not available but, as stated above, it
is expected that comparison with the primarily 3d contri-
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bution obtained in the photoemission is still valid.
The general agreement is reasonable, particularly for

NiMnSb, but the calculated bandwidth is larger for both
Ni2MnSb and NiMnSb than observed in the data. The
difference is particularly strong for NizMnSb. Inspection
of the calculated partial DOS reveals that the structure at
higher binding energy in NizMnSb is primarily derived
from additional Ni 3d contributions in the bottom of the
band. Similar differences are observed in other alloys and
pure transition metals, and varying explanations includ-
ing the effect of matrix elements' and nonconstant
broadening (due to Auger lifetime) have been offered.
However, examination of the magnitude of the
modifications induced when these effects are included
suggests that the differences observed here are too large

to account for in this manner, at least for NizMnSb. ' '

An alternative way of examining this set of data is to
compare the differences for the two materials as observed
in the photoemission with those expected based on the
calculations. The theoretical treatments are the same,
both being LMTO calculations employing a von
Barth —Hedin approximation for exchange and correla-
tion, so they should provide a very good comparison.
Whereas the photoemission-derived DOS is similar for
the two alloys, with primarily a shift of the peak to
higher binding in NiMnSb, there is a significant
difference in the shapes of the theoretical DOS for the
two materials. Figure 3(a) presents a comparison be-
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FIG. 2. Comparison between photoemission spectra and cal-
culated DOS for (a) Ni2MnSb (theoretical DOS from Ref. 13)
and (b) NiMnSb (theoretical DOS from Ref. 18).
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FIG. 3. (a) Comparison between photoemission spectra for
Ni2MnSb and NiMnSb. Upper curve gives the difference curve.
(b) Comparison between calculated DOS for Ni2MnSb and
NiMnSb. Upper curve provides the difference in DOS between
the two materials.
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tween photoemission data for the two alloys along with
the difference curve for the two spectra. The correspond-
ing comparison and difference curve for the theoretical
DOS is provided in Fig. 3(b). The data and calculations
have been scaled to produce the correct ratio of 3d elec-
trons, as described previously. The intent of this figure is
to provide a qualitative idea of the changes which occur
on going from Ni2MnSb to NiMnSb. The photoemission
data imply that contributions from additional Ni 3d
states affect almost exclusively the region of the valence
bands within about 2 eV of EI. The experimentally ob-
served shift of the intensity maximum to higher binding
energy in NiMnSb is then due to the loss of this intensity
at lower binding energy. Contrary to this, the theoretical
comparison suggests that the inhuence of additional Ni
states is spread throughout the band. The small intensity
increase centered at a binding energy of about 1 eV
agrees well with the intensity increase found in the ultra-
violet photoemission spectroscopy (UPS) difference
curve, but there is a much larger effect at the bottom of
the band where the experimental comparison indicates
virtually no change. There is some uncertainty in scaling
the data which will affect the difference curve, but this
will not alter the large discrepancy in the relative weight-
ing of the observed changes in the upper and lower por-
tions of the band structure.

IV. RESONANT PHOTOEMISSION
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FIG. 4. Comparison between photoemission spectra for

Ni2MnSb taken at photon energies of 50 eV, the peak of the Mn

3p resonance, and prior to the resonance at 4S eV. The strong
resonance at 3.1 eV is clearly evident. The calculated partial
density of states for Mn 3d electrons taken from Ref. 13 is in-

cluded.

Resonant photoemission has been discussed extensively
in the literature. ' Briefly, photoemission intensity
modulations are observed which arise from many elec-
tron processes accompanying excitation of, for example,
a Mn 3p core electron to a quasidiscrete, empty 3d state.
This followed by autoionization, which fills the 3p hole
and ejects a continuum electron from the 3d portion of
the valence bands. This process interferes with the first-
order excitation of an electron from the filled 3d states
directly to the continuum. The interference appears as a
modulation in the photoemission intensity from regions
which contain Mn 3d character as the photon energy is

swept across the Mn 3p core threshold. The interference
is strong for the 3d component at the 3p core edge be-
cause super-Coster-Kronig matrix elements involved in
the coherent autoionization or direct recombination pro-
cess are large for these transitions. In addition these ma-
trix elements, which include the localized core hole, have
short-range components. This implies that, similar to the
case of core-valence-valence Auger transitions, a local
density of states will be sampled by the resonance. In the
case of a compound material, it might be expected that
resonant photoemission would produce modulations of
regions more closely related to the local, or site-
projected, density of states around the initial core hole
than the total DOS.

Figure 4 illustrates resonant effects observed in
Ni2MnSb. A comparison is provided between photoemis-
sion spectra obtained on (h v= 50 eV) and off (h v=45 eV)
resonance near the Mn 3p core edge. Intensity modula-
tions are particularly pronounced at the bottom of the
va1ence bands where a weak shoulder in the off-resonant

spectra develops into a rather sharp (-0.5 eV account-
ing for the experimental resolution), well-defined peak at
a binding energy of 3.1 eV for 50-eV photon excitation.
Modulations of the intensity in the region below -4 eV
are associated with the emergence of M23VV Auger peaks
and contributions from two-hole final states. '

The structure which appears at 3 eV in the 50-eV spec-
trum clearly indicates that the whole valence band does
not modulate uniformly across the Mn 3p threshold. For
comparison„ the Mn local 3d partial density of states
from the linear muffin-tin-orbital (LMTO) calculations of
da Silva, Vepsen, and Andersen, for Ni2MnSb is included
in Fig. 4. The calculation exhibits two sharp, well-

separated peaks in the DOS. The splitting between the
two main features in the theory presumably arises due to
crystal-field effects, so that the peak at approximately 3

eV is derived predominantly from e -like states. The
peak closer to the Fermi level is produced by Mn 3d
states with predominantly t2 character. The position of
the 3.1-eV resonant peak in the 50 eV photoemission
spectrum agrees very well with the position of the high
binding-energy peak in the theoretical density of states,
but there does not seem to be a correspondingly strong
enhancement of the Mn 3d structure close to the Fermi
level.

To further illustrate this, Fig. 5 provides an attempt to
simulate the photoemission spectrum on resonance
(h v=50 eV) by combining the off-resonant spectrum
(h v=45 eV) with an enhanced Mn 3d site-projected DOS
from the calculation. However, if the theoretical Mn 3d
DOS is scaled and added to the 45-eV spectrum to
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FIG. 5. This figure illustrates a simple attempt to simulate
the resonant photoemission. The solid circles represent the
photoemission spectrum obtained at hv=45 eV (after back-
ground subtraction). The open circles are the spectrum for
hv=50 eV. The solid crosses provide the simulated spectrum
obtained by adding the theoretical Mn DOS (stars) to reproduce
the 50-eV spectrum at a binding energy of 3 eV.

correctly reproduce the intensity at the bottom of the
band at 50 eV, then the intensity in the region closer to
the Fermi level is significantly overestimated. This can-
not be attributed to a reduction in the cross section of a
nonresonant Ni 3d contribution. ' Thus, the spectral
shape of the 50-eV data is not reproduced with this sim-
ple model. Clearly, a stronger resonant effect is produced
for the region corresponding to the higher binding-energy
structure in the theoretical Mn DOS than for the struc-
ture closer to EF. Based on the idea that resonant photo-
emission is a local probe, a simple explanation would be a
larger concentration of more localized Mn 3d states at
binding energies near 3 eV. The lack of detailed theoreti-
cal connections between structure in the one-electron
DOS and the resonance, including other factors which
can influence the strength of the resonance, renders this
speculative. It is clear, however, that the two com-
ponents of the theoretical Mn DOS are not sampled
equally in the resonant process.

To investigate the resonant structure in the region of
the spectrum closer to the Fermi level more thoroughly,
and provide more detail on the structure near 3 eV, con-
stant initial-state (CIS) scans were performed for several
initial state energies. Data for the three initial-state bind-
ing energies indicated in Fig. 4 are displayed in Fig. 6.
The data in this figure were acquired by taking individual
photoemission spectra at a series of photon energies span-
ning the Mn 3p edge. Normalization of the data for the

FIG. 6. Constant initial-state (CIS) scans from Ni2MnSb for
the three initial-state energies indicated by tic marks in Fig. 1.
The data have been smoothed by adjacent channel averaging.
The solid curves through the 0.2- and 1.2-eV data are guides for
the eye. The dashed line through the 3.1-eV data is a fit to a
Fano line shape as described in the text.

photon flux was performed and a background represent-
ing secondary electron contributions was subtracted. The
intensity within a window 0.5 eV wide centered at the
binding energy of interest was integrated to increase
statistics. These data were smoothed by adjacent channel
averaging before presentation. The solid lines through
the 0.2 and 1.2-eV data are meant to guide the eye. Fits
were also performed with an additional broad Gaussion
located at binding energies around 6-8 eV in an attempt
to reduce the influence overlapping intensity variations
evident in the region below binding energies of 4 eV
which arise due to Auger transitions and contributions
from two-hole final states appearing close to the reso-
nance. Only the resonance at 3.1 eV was affected, reduc-
ing the resonant enhancement by approximately 30% in
the most drastic case.

Figure 6 indicates that all three binding energies exhib-
it resonant effects for photon energies near the Mn 3p
core threshold. Thus, Mn 3d character is spread
throughout the valence bands, but the observed resonant
shapes are qualitatively different. For binding energies
around 3 eV a strong resonant profile is observed while
the 0.2- and 1.2-eV data exhibit a weak, nearly an-
tiresonant character. Fits to a Fano profile, '

I(hv)=I„,[(q+E) l(1+E )j+I„,„„,(hv),

were performed for each of the CIS curves to provide an
indication of the degree of difference. Here hv is the
photon energy, q, is the asymmetry parameter, and c is
the reduced energy e=(hvE')/I', &2. I,zz is the half-
width of the resonance and E' is the energy of the reso-
nance. Equation (1) assumes that the observed intensity
consists of a resonant contribution, derived from Mn 3d
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states, and possibly a nonresonant background contribu-
tion. No strong energy-dependent behavior is expected
other than that due to resonance of Mn 3d contributions.
The nonresonant contribution to the intensity, I„,„„„(E),
which accounts for primarily Ni contributions to the
photoemission current as well as systematic variations in
fIux normalization or background removal, was modeled
using various polynomial functions up to third order in
h v. For the initial states at 0.2 and 1.2—near the Fermi
level and at the peak of the valence bands —the value of
E' was found to be -49.5 —49.9 eV. Values of the asym-
metry parameter were q-0. 5 for the 0.2-eV data and

q
—1.5 for the 1.2-eV data. The asymmetry parameter

depended somewhat on the details of the fit and smooth-
ing of the data leading to variations in q of about 30%.
Fits to the resonance at 3.1 eV also produced E'-49. 5

eV but q
—1.7—2.4, depending on whether or not at-

tempts were made to remove possible overlapping contri-
butions to the resonance. The result of one such fit is
displayed as the dashed line in Fig. 6. These fits were
produced primarily to illustrate more concretely the
different resonant profiles observed for different initial
states. As in the comparison of the apparent size of the
resonant effect, the CIS data and parameters obtained
from it indicate a qualitative change between the regions
of binding energy appropriate for the two structures in
the calculated DOS.

Strong similarities exist between these data and results
obtained in investigations of the dilute magnetic semicon-
ductor Cd~, Mn Te by Ley et al. Constant initial-
state data across the Mn 3p edge show the same trend as
a function of binding energy as observed for Ni2MnSb. A
strong resonant feature was also observed at a binding en-

ergy of about 3.4 eV. This was attributed to Mn 3d states
only weakly hybridized with Cd or Te. The above pa-
rameters can also be compared with those obtained for
resonances in various partial cross sections of the S- P
transition in atomic Mn IRef. 26(a)] and absorption in
metallic films of Mn. '"' The values of q and E' obtained
for the enhancement at 3-eV binding energy are close to
the parameters deduced from Fano fits to corresponding
partial cross sections in the atomic data, where q ranges
from 2.2 to 2.5 and E'=50.0—50. 1 eV, whereas the other
two initial states exhibit much weaker efFects and asym-
metry parameters significantly different from the atomic
case. The 3-eV structure as a function of photon energy
is also more similar to measured absorption profiles.
Note that this includes comparisons with observations of
photoemission partial cross sections in atomic Mn. Care
must be exercised in comparisons solely between resonant
profiles observed in photoemission and absorption.

Resonant-photoemission results for NiMnSb are simi-
lar to those discussed above for NizMnSb. A comparison
of spectra on and ofF resonance is given in the top part of
Fig. 7. In particular, a well-defined peak again emerges
at a binding energy of about 3 eV. The corresponding
CIS data for NiMnSb are displayed in the bottom portion
of Fig. 7. Although the lack of data below 45 eV pre-
cludes generating unique fits, the same general trend of
increasing resonant effects with increasing binding energy
seen in Ni2MnSb is found for NiMnSb. Again the 3.1-eV
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FIG. 7. The top portion of the figure displays a comparison
between spectra taken before and on resonance for NiMnSb us-

ing the same photon energies as in Fig. 4 for Ni2MnSb. The
bottom of the figure gives the corresponding CIS data for
NiMnSb. The solid lines through the 0.2- and 1.2-eV data are
guides for the eye. The dashed line through the 3.1-eV data
reproduces the fit shown in Fig. 6 for Ni2MnSb.

Photoemission was used to investigate the electronic
structure in Ni2MnSb and NiMnSb and resonant efFects

CIS displays a strong resonant enhancement at the Mn 3p
edge. The dashed line in this figure is the same fit given
in Fig. 6 for the Ni2MnSb data and it can be seen that the
quality of the fit is very nearly the same. This suggests
that the Mn 3d states in this portion of the valence bands
are similar in both alloys. This agrees with the con-
clusion of de Groot et al. ' that the band structures of the
L2& and C1b alloys are very similar in many aspects.

Interference effects at the Ni 3p core threshold were
also examined for both materials. As observed in Ni and
many Ni compounds, the resonance in the "main" or
screened portion of the bands displayed a weak an-
tiresonant character whereas binding energies below -5
eV show strong resonant enhancements due to the forma-
tion of correlated two-hole states. ' For the region
around 3 eV below Ez, very little effect was observed in

either material. Any weak antiresonant effect in this re-
gion would overlap with strong resonant effects at slight-

ly higher binding energies, so that it is dificult to draw
firm conclusions based on these data. This would, how-
ever, support the idea that there is a small contribution
from Ni 3d states in the lower portion of the valence
bands.

V. CONCLUSIONS
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at the Mn 3p edge were employed to provide information
on Mn 3d contributions. The overall picture of the elec-
tronic structure of Ni2MnSb and NiMnSb derived from
this study is in general agreement with some aspects of
theoretical presentations for the same materials. There is
reasonable agreement between the photoemission results
and the calculated DOS, particularly in the case of the
half-metallic material NiMnSb. Resonant-photoemission
intensity modulations at the Mn 3p threshold were ob-
served for all initial states. This agrees with the theoreti-
cal contention that Mn 3d character is spread over a
large energy width. A strongly resonating peak at a bind-
ing energy of 3.1 eV agrees well with the calculated Mn
3d partial density of states in Ni2MnSb. A nearly identi-
cal resonant feature is observed in NiMnSb.

However, several puzzling aspects were noted. Com-
parisons between photoemission and the calculated DOS
reveal a somewhat larger bandwidth. For Ni2MnSb there
is a noticeably larger contribution to the bottom of the
valence band in the calculation. This appears to be due
to additional contribution from Ni 3d states at these en-
ergies. The photoemission difference curve between
Ni2MnSb to NiMnSb indicates that Ni 3d states contrib-
ute primarily in the region from EF to about 2 eV, rather
than throughout the whole band as in the calculation.
These factors suggest a lower contribution from Ni 3d
states at the bottom of the band than indicated in the cal-
culation, at least in the case of Ni2MnSb.

Weaker resonant effects and different resonant struc-
ture are observed for binding energies close to EF than
for structure around 3 eV. A possible explanation was
offered in terms of more localized, less hybridized Mn 3d
states at this energy. This would be consistent with the
idea that there is a small contribution from Ni 3d states
in this region and the similarity in the resonance ob-
served at 3 eV to that in elemental Mn. In the limit of no
hybridization, it is expected that the Mn states would
resonate with a profile similar to that observed for atomic
and metallic Mn, as observed at 3 eV. Previous work has
indicated that the shape and intensity of the resonance
can be affected by initial-state hybridization and this
could explain the changes observed for lower initial-state
energies, but a detailed, systematic investigation has not
been performed. The possibility that other aspects of the
resonant process (other than initial-state hybridization)
lead to the observed behavior cannot be ruled out. The
same resonance energy was obtained for all initial states,
which suggests that the intermediate state involved is the
same in each case. The significant point is, however, that
there is a noticeable difference in the behavior of the
different components obtained in the calculated DOS in
terms of participation in the resonance.

It is clear, based on these results, that a classic picture
for the formation of the local moments, consisting of a
single, well-defined virtual bound state, is not correct.
The Mn 3d states are indeed spread over a large energy
range and the states near EF are degenerate with a high
density of Ni 3d states. However, the justification behind
a picture with a completely delocalized 3d band was
based largely on the fact that the total bandwidth over
which Mn 3d states were spread is large and similar to
the Ni 3d-band width, even though the calculation shows
two sharp, well-separated features. ' The different reso-
nant behavior for regions of binding energy correspond-
ing to these two structures suggests the possibility that
they could be considered in some sense as separate bands.
In this case the relevant parameter becomes the band-
width of the individual peaks. Thus, even considering the
uncertainty in arriving at a detailed interpretation of the
resonant effects, these observations suggest that the pic-
ture of a common, completely delocalized band for the Ni
and Mn 3d electrons may also be too simplistic. In this
regard, it is also interesting to note that the Mn 3d DOS
calculated for the Heusler alloy CuzMnA1 in Ref. 11 is
very similar to the Mn 3d DOS calculated by Podloucky,
Zeller, and Dederichs for an Mn impurity in Cu. '

Whereas Ref. 11 described Cu2MnA1 in strongly hybri-
dized, delocalized limit, the Mn impurity DOS in Ref. 31
is described as a virtual bound state modified somewhat
by interaction with the Cu host.

The differences between the L2, alloy and the C lb al-

loy observed in this study cannot be interpreted easily to
shed light on the possibility of half-metallic character in
NiMnSb. Based on the discussion of de Groot et al. for
NiMnSb, the Mn 3d levels of predominantly eg symmetry
should show little effect of the change in symmetry be-
tween the two crystal structures, and this is consistent
with the assignment of the peak at 3 eV as predominantly
3d eg derived. The position and resonant behavior of this
feature is the same in both materials to within the experi-
mental uncertainty. No spectral changes that could
clearly be linked to differences in the Mn 3d —Sb Sp hy-
bridization near the Fermi level, predicted to be a signa-
ture of the formation of the half-metallic band structure,
were evident. However, as stated above, due to the domi-
nance of the Ni 3d contribution close to EF and the lack
of sensitivity to the Sb contribution, it is doubtful if these
measurements would be sensitive to changes at this level.
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