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Spin-resolved density of states at the surface of NiMnSb
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Spin-resolved photoemission measurements from polycrystalline NiMnSb films reveal spin-resolved density
of states which are in qualitative agreement with local spin density functional band structure calculations
@Phys. Rev. B51, 10 436~1995!#. The polarization of electrons close to the Fermi level is however found to be
at most 40%, in contrast to the predicted half-metallic behavior. This discrepancy is attributed to lower remnant
magnetization of the surface region and/or the presence of other phases.
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The discovery of large room temperature spin depende
of the tunneling current1 in ferromagnet/insulator
ferromagnet structures has generated much interest in t
properties due to their possible application as magnetic
dom access memory~MRAM ! elements.2 One very active
area of this research has been the search for ferromag
materials with high spin polarization of conduction electro
in particular the ones with 100% spin polarization, usua
referred to as half-metallic ferromagnets~HMF!, which
would lead to large magnetoresistance~MR! and efficient
MRAM devices. Although it was recently shown that HM
properties exist in the low temperature state of
La0.7Sr0.3MnO3,3 there is a continuing search for room tem
perature HMF materials that could be used in real devic
One class of materials which have been predicted to exh
HMF behavior are some Heusler alloys, like NiMnSb.4,5

However, most of the magnetotransport work employ
NiMnSb up to now have reported rather meager MR effe
of up to 7%.6 Since the tunneling is believed to be ve
sensitive to the spin polarization of conduction electrons n
the ferromagnet/insulator interface,7 from their MR results it
is not clear whether NiMnSb does not exhibit HMF behav
or only the surface region is non-HMF. Recent measu
ments of several materials predicted to be HMF employ
Andreev-reflection8 have on the other hand indicated a lar
degree of conduction electron spin polarization in seve
materials, including NiMnSb.

Spin-resolved photoemission technique~SRPES! is an
ideal tool for addressing these issues, not only because
able to directly measure the spin polarization of the electr
close to the Fermi level but also because it is surface se
tive, thus probing the most relevant region of the samp
Earlier photoemission work of Bonaet al.9 has found the
spin-polarization of photoemitted electrons fromin situ
cleaved NiMnSb crystal to be 50% in the applied magne
field of 10 kOe. However, these measurements were
formed with electrons of very low kinetic energies~threshold
photoexcitation!, thus the degree of polarization may ha
been affected by the spin-filtering effects which are known
0163-1829/2001/64~6!/060403~4!/$20.00 64 0604
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be significant at these low energies.10 In this paper we report
on energy-resolved SRPES measurements on NiMnSb fi
at higher photon energies. Although the measured spe
show qualitative agreement with the calculated spin-resol
density of states, the observed spin polarization is only 2
40 % within 0.5 eV from the Fermi level. The binding energ
dependence of spin polarization are however consistent
the presence of a component exhibiting half-metallic fer
magnetic behavior as predicted by calculations but with l
remnant surface magnetization and/or mixed with anot
non-HMF phase.

The polycrystalline NiMnSb films were grown on Si su
strates in ways described earlier.11 The substrate temperatur
was held at 415 °C and no postannealing was performed.
films were 600 Å thick and were capped with 30 Å of A
before they were transferred in air to the SRPES cham
The spin resolved photoemission measurements were
formed at National Synchrotron Light Source~NSLS! using
the undulator based SGM~u5u! beam line and an angle- an
spin-resolving electron spectrometer.12 The total electron en-
ergy resolution~photon plus electron! in the valence band
measurements was 100 meV. The photon incidence direc
was set at 45° and photoemission along the surface no
was measured. The films were in-plane magnetized, per
dicular to the photoemission plane. They were sputtered w
a differentially pumped ion gun using Ne1 ions at 1.0 keV,
25 mA emission current and 45° incidence and then anne
with an e-beam heater. The sample temperature was m
tored by a thermocouple attached to the Mo plate on wh
the sample was mounted. The base pressure of the vac
chamber was,2310210 Torr.

The magnetic state of the films was probed with t
magneto-optical Kerr effect~MOKE! technique. The mag-
netic hysteresis curves were square with a coercivity of;20
Oe and high remnant magnetization (;95%) at room tem-
perature for films magnetized in plane. No changes in h
teresis curves was observed after cycles of sputtering
annealing. This indicates that the remnant magnetic sta
©2001 The American Physical Society03-1
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preserved which is important in the spin-resolved photoem
sion experiments since no magnetic field is applied dur
the measurement.

First we discuss the sample surface preparation. The
face stoichiometry was monitored with core-level pho
emission using the Ni 3p, Mn 3p, Sb 4d, and Al 2p peaks
and 160 eV photons, while the electronic structure w
probed with valence band photoemission and photon en
of 38 eV. The core-level photoemission spectra, at fi
showed only the Al 2p-oxide signal consistent with the pre
ence of Al oxide cap above the NiMnSb films. After sputte
ing the Al 2p-metal photoemission peak appeared indicat
that 30 Å of Al cap layer was sufficiently thick not to allow
the oxidation of the NiMnSb film during sample transfer
air. Further sputtering removed all of the Al, leaving only N
Mn and Sb. In general we find that the sputtering cyc
preferentially removed Sb and to a lesser extent Mn, leav
Ni enriched films. The sputtering was followed by annealin
which was performed in increasing temperature steps.
appreciable change in the Ni:Mn:Sb ratio was observed u
200 °C. Above that temperature we observe increase in
and Mn ~to a lesser extent! concentration, offering a way o
restoring the NiMnSb stoichiometry.

The stoichiometry ratio determined from the peak heig
of the core-level photoemission spectrum depends on sev
experimental factors and values of photoelectron cross
tions; thus we used them primarily to monitor the relati
changes during the sputtering and annealing cycles. We

FIG. 1. Spin integrated photoemission spectra from NiMn
film: ~a! after sputtering,~b! after annealing to 320 °C,~c! after
annealing to 400 °C, and~d! from cleaved NiMnSb crystal from
Ref. 13.
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lied instead on the valence band spectra to identify differ
phases during the surface preparation. A clear corresp
dence between the changes in NiMnSb stoichiometry~from
core-level PES! and the valence band spectra was observ
Figure 1~a! shows a typical valence band spectrum obtain
after sputtering cycles. A broad, featureless spectral distr
tion peaked at;1.0 eV is suggestive of mixture of metalli
clike Ni and Mn components. Sample annealing abo
200°C tends to move the valence band maximum to sligh
higher binding energies but with relatively little change
the overall line shape. Annealing to 320 °C for 15 min, ho
ever, does produce another spectral line shape, which p
at about 1.2 eV binding energy, and a shoulder at low
binding energies as evident from Fig. 1~b!. Annealing to
400 °C produces another distinct change with the vale
band maximum now moved to 1.7 eV, the development o
pronounced low energy shoulder and distinct high bind
energy peak at 3 eV. Further annealing at even higher t
perature produced no changes in the spectral line shape
low 4 eV, but gives rise to Si and O segregation from t

b

FIG. 2. Spin-majority (m) and spin-minority (,) photoemis-
sion spectra from NiMnSb annealed to 400 °C at different pho
energies:~a! hn538 eV ~off-resonance!; ~b! on Mn-M23 antireso-
nance (hn552 eV);~c! at the Ni-M23 resonance (hn576 eV).~d!
Calculated spin-resolved density of states from Ref. 15~full line:
majority spin; dashed line: minority spin!.
3-2
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substrate. As seen in the Fig. 1, we observe three dis
valence band line shapes, after sputtering@Fig. 1~a!#, after
annealing to 320 °C@Fig. 1~b!#, and after annealing to
400 °C @Fig. 1~c!#. Comparison of these spectra with spe
trum reported by Kanget al.13 from in situ cleaved NiMnSb
bulk samples@presented for a comparison in Fig. 1~d!# shows
clear similarity with our spectrum of Fig. 1~c! in all major
features. This we take as an indication that we have reg
erated the NiMnSb phase after sputtering off the cap m
rial. It is interesting to note that a similar substrate tempe
ture was used during the film growth (415 °C). We also n
that our spectrum in Fig. 1~b! is very similar to the Ni2MnSb
spectra reported by Robeyet al.14 Valence band photoemis
sion measurements of NiMnSb film surface taken at differ
photon energies~30–140 eV! show relatively weak Mn 3p
→3d* and Ni 3p→3d* resonances. No change in lin
shape was observed away from the two resonances indic
no final state effects.

We now turn to the spin-resolved photoemission~SRPES!
measurements performed on the surface of the NiMn
films. Figures 2~a!–2~c! shows the spin-resolved NiMnS
valence band photoemission spectra recorded at diffe
photon energies. For comparison we also show the calcul
spin-resolved density of states~SRDOS! of Youn and Min
who performed total energy local spin density function
LMTO band structure calculation.15 All three SRPES spectra
@Figs. 2~a!–2~c!# show the majority-spin spectrum wit
higher overall cross-section than the minority one, sim
indicating that the surface of the NiMnSb film is ferroma
netic. There are several differences between the majo
spin and the minority-spin spectral line shape. The spe
recorded with 38 eV photons@Fig. 2~a!# show the minority-
spin maximum at somewhat higher binding energy than
majority peak~by ;0.15 eV), indicating that the two peak

FIG. 3. ~a! Electron spin-polarization of spectrum shown in Fi
2~c!. ~b! Spin-polarization of the calculated density of states~from
Ref. 15! ~dashed line: raw data; full line: broadened by photoem
sion instrumental resolution!.
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are not exchange split but originate from different features
SRDOS instead. More likely, the exchange split features
the minority-spin peak at;1.7 eV and the higher binding
energy majority-spin feature at 3.0 eV yielding an exchan
splitting of ;1.3 eV. It can be also noticed that the 3.0 e
peak observed in the spin-integrated spectrum@Fig. 1~c!# is
of predominantly majority-spin character. All of the abov
observations are in good agreement with calcula
SRDOS.15 The low binding energy shoulder (Eb;0
21.2 eV) on the other hand shows a spin polarization
only ;15%.

In order to better understand the roles the constituent
ements play in the NiMnSb alloy, we performed resona
SRPES measurements at the Mn and Ni photoexcita
edges. The spectra taken at the Mn-M23 antiresonance@hn
552 eV; see Fig. 2~b!# shows an overall decrease in sp
polarization, as compared to the off-resonance spectra@Fig.
2~a!#, suggesting that the local Mn-DOS is the main sou
of the electron spin polarization. We also observe an app
ciable decrease in the majority peak at 3.0 eV indicating
origin to be primarily of local Mn 3d character. Both of these
facts are consistent with theoretical predictions.15 The spec-
tra taken at the Ni-M23 resonance@hn576 eV; see Fig.
2~c!#, on the other hand, show both spin components of
3.0 eV present, indicating that this feature also has a con

-

FIG. 4. Schematic representation of the spin-resolved ph
emission measurements from~a! ideal HMF films, ~b! HMF with
nonmagnetic component, and~c! HMF film with low remnant mag-
netization.~d! Measured data from NiMnSb with 38 eV photon
Spin-majority and spin-minority spectra are shown as full a
dashed lines in~a!–~c!, and asm and, in ~d!, respectively.
3-3
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bution from local Ni 3d orbitals. It is interesting to note tha
the minority-peak appears at somewhat higher binding
ergy than the majority one contrary to the usual order
exchange split features but in agreement with the projec
local ~Ni! SRDOS from Ref. 15~not shown in Fig. 2!. We
also note that the spin splitting of the main peak at 1.7 eV
less pronounced at the Niresonance@Fig. 2~c!# than in the
off-resonancespectra@Fig. 2~a!# suggesting different binding
energies for the Ni and Mn-DOS maxima. All of the abo
observations made from measured spectra agree well
calculations of Youn and Min,15 which we take as a furthe
indication that the surface region of our films is NiMnS
like.

We now turn to the issue of the spin polarization of t
states close to the Fermi level and the question whe
NiMnSb is HMF. The spin-resolved photoemission intens
presented in Figs. 2~a!–2~c! all show the spin polarization to
be considerably smaller~15–40 %! than expected 100% fo
the HMF. The largest polarization is observed at the Ni-M23
resonanceand this data is replotted as spin polarizati
@(I up2I down)/(I up1I down)# in Fig. 3~a!. Although the mag-
nitude of the measured polarization throughout the spect
is smaller than the one predicted, the shape of polariza
curve is similar to the one calculated from data in Ref.
and shown in Fig. 3~b!. In particular, a pronounced minimum
at 1.7 eV and steep increase at close to the predicted spin
energy (Egap50.5 eV) is clearly observed in the measur
ment. This large enhancement in polarization at;0.5 eV
~by a factor of 2 going from below to aboveEgap) is ob-
served at all three photon energies and it is consistent
the theoretical predictions. We take this as an indication
the presence of a surface phase that exhibits half-met
behavior.

In order to reconcile the observation of less than 10
spin polarization and the observation ofEgap of HMF phase
we now turn to more detailed examination of the sp
.

T

J

dt
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resolved NiMnSb spectra close to Fermi level, as shown
Fig. 4~d!. There are at least two plausible explanations
this discrepancy. They are depicted schematically in F
4~b! and 4~c!, starting from ideal HFM@Fig. 4~a!# and as-
suming a flat DOS in first 1 eV below the Fermi level. Th
most obvious cause is the presence of another phase a
surface of NiMnSb. A nonmagnetic metallic phase wou
add an equal strength to the majority- and minority-sp
components, effectively decreasing the polarization wit
the spin gap@Fig. 4~b!#. The other plausible explanation i
low surface remnant magnetization, which would lead
mixing of the two spin spectra as shown in Fig. 4~c!. In both
cases it is clear that in spite of lower than 100% spin po
ization it is still possible to identify the onset of the spin g
~indicated by the dashed vertical line!. We submit that our
measurements are consistent with such scenarios, althou
is not possible to estimate relative contribution of the two

In conclusion, we show that it is possible to prepare
surface of NiMnSb to exhibit spin-resolved electronic stru
ture close to the bulk one, in a good agreement with cal
lated SRDOS.15 This is similar to conclusion reached by re
cent spin-resolved inverse-photoemission measurem
performed on NiMnSb/Mo/MgO~001! films.16 Our data
show a large increase in electron spin polarization at the
eV below the Fermi level, suggesting the presence of h
metallic ferromagnet~HMF! phase. The maximum observe
spin polarization of only 40% is interpreted as due to oth
phases and/or lower surface magnetization. Although
value is smaller than the one predicted for HMF, it is co
siderably higher than 15% deduced from the M
measurements.6 This suggests that with more elaborate s
face preparation and/orin situ NiMnSb film growth it may
be possible to generate surface regions with much hig
electron spin polarization which would be useful for app
cation in magnetoresistive devices.
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