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Spin polarization of the transport current at the free surface of bulk NiMnSb
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The point contact Andreev reflection employing niobium tips was used to determine the degree of transport
current spin polarizatioP,) at the free surface of bulk NiMnSb at 4.2 K. The data was analyzed within the
framework of a modified version of the Blonder, Tinkham, and Klapwijk formulism taking into account the two
spin polarized channels in the ferromagnet and treating the interface as a planar delta function barrier of height
Z between free electron materials. We find that the measured spin polarization is rather insensitive to different
surface preparations and magnetic domain structure, and the maximal valud®ptize=0 is 44%, consistent
with recent calculations of the surface reconstruction of NiMnSh. Saturation magnetization of the samples was
found to be 3.6ug per formula unit indicative of a small amount of atomic disorder.
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I. INTRODUCTION tunnel structures were us€do estimate the polarization of

Electronic devices whose functionality is determined bythe tunnel c.urrenIPm=2.8%. Pre!iminzta)ryhmealsurem(_ants r?f
the orientation of electron spin are described as spintroni @1SPOrt spin polarization of NiMnSb thin films using the
devicest One focus of this work has been the attempt toPONt %or&act Andreev reflectiofPCAR) technique estimate
create a hybrid ferromagnet-semiconductor device based dpj~ 8%~ A more recent study using PCAR has reported a

the Datta and Das spin transistérSignificant progress has V2lué 0f~45% for single crystal NiMnSE’ The latter mea-
urement was part of the initial demonstration study of the

been made with all semiconductor systems using dilute mao‘éCAR technique andP, was determined using a crude
t

netic semiconductors as the source .Of spin PO"'?“?ZG‘?' Cu.”enﬁﬁethod valid only for a clean interface between the super-
In the case of BeMnZnSe, 90% efficiency spin injection 'ntoconducting point contact and the metal surface

GaAs has been observédlbeit below 5 K and in high mag- | the current paper, we have used the PCAR technique to
netic fields. Spin injection from ferromagnetic metals into gyp|ore the transport spin polarization of bulk NiMnSb that
semiconductors requires a tunnel baftiéto overcome the s to be used as a target for pulsed laser deposition. The data
Conductance m|SmatCh problem. Indeed I’elatlvely eff|C|enhas been ana'yzed in terms of the extension to the B|Onder’
room temperature spin injection has been reported iminkham, and Klapwijk(BTK) theory developed by Mazin
permalloy-alumina-AlGaAs/GaAs light emitting diodeand  and co-workers® This model has been applied previously by
permalloy/Schottky barrier/GaAs diodedemonstrating the other groups to analyze the transport polarization of GO
possibility of a viable route to room temperature hybrid spinSrRuQ,*®*° and La_.SrMn0;2° Recently it has been
devices using these material systems. shown that this approach may have limitations for certain
Datta and Das originally proposed a spin transistor usingnaterial systems because the reflection of conduction elec-
Fe contacts on a narrow gap semicondugtdiMnSb should  trons at an interface between a nonmagnetic metal and fer-
be a more suitable alternative to Fe as it is supposedly a hatbmagnetic metal can be strongly spin dependéftThere
metallic ferromagné® with a Curie temperature of 728 K. is also the problem that the model does not take into account
It also has only a 2.4% lattice mismatch with the narrow gapspin dependent transport across the batfiétHowever ex-
semiconductor InAs. No successful devices using NiMnSlperimental conductance spectra fit extremely well to the ex-
has been reported to date and relatively few measurements teihded BTK model. It is believed that this is due to the
the polarization. Spin polarized photoemission measuredimensionless barrier paramet&y containing more physics
ments determine the bare polarizatit?) of the density of than simply the strength of théfunction barrie?® In the
states aEr andP at the free surface of NiMnSb have been case of significant spin dependent reflection due to a mis-
reported to be about 509%.Planar NiMnSb/AIQ/Ni,Fe;,  match of the Fermi velocities it should not be possible to
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FIG. 1. The temperature regime for the RF melting of the FIG. 2. EDX measurements of the stoichiometric proportions
NiMnSb powder and ingot. versus radial distance for ti{e) PRF and(b) IRF samples.

obtain spectra wherg=0. The fact that in some cases suchterial. This leaves a surface that is resistant to further etching,
spectra are obatined suggests that this is not always a signifven to 50% HF solution. On exposure to air this surface
cant effect. As Zutic and Va8 point out,Z cannot simply  Visibly oxidizes within minutes. This fresh oxide layer can
be rescaled due to Fermi velocity mismatch, and hence wien be removed by further etching in HF, which can be used
do not attempt to do so. to provide a well controlled etch of NiMnSb. Polarization

There is also controversy with the PCAR technique due tgneéasurements were taken shortly after etching, but not be-
the quality of fitting of the conductance spectra to the currenforeé surface reoxidization. .
theoretical model. It has been reported that in certain cases Magnetization measurements were performed using an
there is no unique solutict. Here we report a study of fit Oxford Instruments vibrating sample magnetometer. Trans-
quality as a function of botR, andZ, which demonstrates a POrt Spin polarization of the samples was determined using
single minimum in the goodness of fit. This provides aPCAR;“with a superconducting niobium tip which has been
unique solution to the model and an estimation of the error irformed mechanically. The physical tip size is approximately
P, Structural, compositional, magnetic, and electrical char5 50 um though from the magnitude of the contact resis-
acterization of the NiMnSb samples was also carried out ifance(Rc) the actual contact siz@) is believed to be much
order to better understand the polarization results obtainedsmaller. The size ofl can be approximated from the general

expressioff
Il. EXPERIMENTAL PROCEDURE ~ i& + ﬁ,
3md? 2d

Two polycrystalline bulk NiMnSb samples were produced , ,
using MSR2 RF equipmentCambridge Ltd., Cambridge, Wherep=15 uf) cm for NiMnSb at 4.2 K and. is the mean
U.K.), from high purity Ni(99.8%), Mn (99.9%), and Sb  free path. Note that this expression neglects the interface
(99_9’99% powders (Alfa Aesar ’ Johnson &' Matthey. transparency and therefore under estimatedlevertheless
Karlsruhe, Germanymixed in stoichiometric proportions in the present case the _data s .best fit to the extgnded BTK
1:1:1. The twobulk samples have different preparation pro- model n the ballistic limit meaning that<<. For NiMnSb
cedures prior to rf melting. One was formed directly from theV® estimate\ to be_ of the_ orqler of 20 nm. Hence although
mixed powder(Prf) and the other was pressed and sintere(}he_ point contact tip radius is of the order of microns the
into an ingot® before melting(Irf). Structural, magnetic, and active geometry must be an assembly of parallel nanocon-

electrical properties of films made from similar bulk material tacts. .
have been reported elsewhéfe.For the melting/ . Al meagurgm(_ants were made with the contact and. sample
crystallization process, the material was placed into an alimmersed in liquid helium at 4.2 K. The contact resistance
mina crucible then developed in argon at atmospheric pre ,1_20,09) was measurgd using a stfamdard four-pomt con-
sure following the temperature regime in Fig. 1. Theﬂ'guranon. A §Iowly varying current with a small amplltude
stoichiometry of the bulk material was measured using entiPPl€ was driven through the junction. The differential con-
ergy dispersive x-ray spectroscogDX) that was per- duc_tance as a function of the c_ic blas_was obtal_ned by_r_nea-
formed using an XL 30 ESEM LaB(Philips Optique Elec- Suring resulting voltage oscillations using a lock-in amplifier.
tronique, Paris, Frange

Further treatment of both samples was undertaken to
clean the surface and to remove the native oxide lépen-
porarily). Wet chemical etching with 10% hydrofluoric acid  EDX measurements of composition shown in Fig. 2 dem-
(HF) was used for this purpose. Contradictory to previouslyonstrate that the preparation route has a significant effect on
reported etching of NiMnSb which shows a constant etchstoichiometry. The pressing and sintering of the Ni, Mn, and
rate?” we find that the etch removes the native oxide andSb powder prior to rf melting forms a bulk material with
possibly a constituent from the surface of the NiMnSb ma-close to the desired stoichiometric ratio bfl:1, Fig. 2b),

Ill. RESULTS
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FIG. 3. Magnetic hysteresis loops for ti@® PRF and(b) IRF
NiMnSb samples at low and room temperature.

greatly improved over that of the Prf sample, Figa)2 FIG. 4. 20umX20 um MFM images of the(a) PRF and(b)
Magnetic hysteresis loops for the samples are shown iH?F.I\!anSb samples exhibiting strlped domain structures with pe-
Fig. 3, at room and low temperature. The low temperaturéIOOIICItIes of 1.7 and 4um, respectively.
saturation magnetizatiofM) of the samples are almost .
identical, with an effective momeniy;=3.60+0.05u5 per ramgter(l“)_. The number of fitting parameters were reduced
formula unit. The effective moment falls by 8% at room Py discarding data wheré #1.5 meV (the energy gap of
temperature to 3.3Lg. For fully ordered NiMnSb, the pre- ) )
dictedM, should be 4ug. X-ray diffraction(XRD) measure- To illustrate that PCAR can produce unique values>of
ments for these samples, which are presented elsewhereandZ an iterative quality of fit procedurg was carried out for
indicate that about 1% of second phase NiSh is present in th2 NP-NiMnSb and a Nb-Co contact which had low and high
samples. The reduced saturation magnetization is likelf Values, respectively. Figure 5 shows the valuePpb-
caused by a combination of the presence of the NiSh phas&tined for the Nb-NiMnSb contact and resulting goodness-
the off stoichiometry, and the presence of antisite defect<0!-fit as a function oZ. In this way an optimized set &%, Z,
However, it is surprising that the saturation magnetizatiord]’ parameters were obtained for each conductance spec-
value is so similar for both samples when there are clealra. The quality of each fit is shown, with the best fit obtained

differences in XRD and EDX. for Z=0.05, with an estimated error ihrof £0.05. This cor-
Magnetic force microscopyMFM) was used to provide
information on the domain structure. As shown in Fig. 4, the 0.50 120
MFM images of the as-grown Prf and polished Irf samples { e JRED R=°-g§=°-27 112
show striped domain structures with domain periodicity of 0.45 §1.10 ?@5 %}A 110
the order of 1.7 and 4.2m, respectively. We anticipate dif- ' g 105 v —
ferences in the interface transparency when the supercon 1 O\'"D\ 3 100 e P 18 =
ducting coherence length is smaller or larger than the domair, - ¢ 40 | N e T S O by
size and consequently these are also important length scale \O\o Basmv)  ° ] 6 9
in the PCAR fitting problem and should always be made ] o, o o 4 2
explicit. In our case the coherence length for bulk Nb is of 035 — % R o, O\O\D»" 1 §
the order of tens of nanometers, and the domain size is of the 5 T 0T NG 1o ©
order of microns. | A oo o
The differential conductance spectra were normalized to 0.30— - . T T T 0
the conductance at high biés5 mV). These were then mod- 010 015 020 025 030 035 040

eled using the Mazin extensithto the BTK theory for a z

S-I-N junction® There are four fitting parameters; the super-  FIG. 5. Fitted polarizatio® and goodness of fit as a function of
conductor energy ga\), the polarization(P,), the dimen-  z for a low barrier NiMnSb-Nb contact. Inset: Experimental con-
sionless barrier parametér), and a spectral smearing pa- ductance spectra and best fit whgn0.05 andP=0.43.
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FIG. 6. Fitted polarizatio® and goodness of fit as a function of 2 06 [ oo
Z for a finite barrier Co-Nb contact. Inset: Experimental conduc- o ] .
tance spectra and best fit wher0.37 andZz=0.27. 04
- 4.2 K thermal smearing
02 |
responds to an error iR, of +0.01. The errors irP; deter- [(b) . . .
mined from fitting to conductance spectra with higlalues 0.0 0.2 0.4 0.6 0.8
are larger. This is demonstrated by the fitting of a conduc- z

tance spectrum of a Nb-Co contact with a highFig. 6. In

this example it is clear that the best fit is obtained wien
=0.27 with an estimated error i@ of £0.05. However as
there is a greater changefpwith Z, the corresponding error
in P, is £0.03. The spectral smearing parameter as obtained i ) ) ,
from the fitting procedure were consistent between sample§€€ surface of NiMnSb estimates that0% for Ni termi-

and between measurements. Figufb) Bhows the level of nated S!Jffgge layers, anBi=30% in the case of MnSb
smearing as a funtion & and has a typical value of 1 meV. termination° (Angle-resolved photoemission spectroscopy

This is noticeably larger than the expected value ofhas actually demonstrated the tendency for segregation of
0.36 meV for thermal smearing at 4.2 [&s shown by the Mn at the free surface of NiMnSb filn#¥,but this result may
dotted line in Fig. f)]. This fact suggests that strong non- be specific to films grown on certain substratés.the case
thermal broadening mechanisms are at play at the junctioff the samples studied here, the PCAR measurements were
interface, presumably associated with interface scattering. Father insensitive to surface preparation suggesting that it is
Figure 1a) showsP, versusZ for both samples with vari- disorder into the bulk of the material rather than surface re-

ous surface treatments. It is found that there is no discernabPnstruction that is dominating our results. This observation
difference inP; for the two samples. Etching of the Prf ma- Is consistent with the depressed bulk saturation magnetiza-
terial with HF did not change the value &, within the tion measurement which indeed ought to correlate with the
estimated error. The decay Bf with increasingZ is seen in  Measured polarization.

all reported PCAR measurements and is probably due to a

FIG. 7. Measured spin polarization and spectral smearing as a
function of Z at 4.2 K for PRF, polished IRF, and HF etched IRF
samples.

surface oxide. For both the Prf and Irf samples the polariza- V. CONCLUSION
tion is 0.44+0.05 aZ=0. From this study it is clear that the two methods of pro-
ducing bulk NiMnSb described here have little effect on the
IV. DISCUSSION polarization as measured by PCAR or the global magnetiza-

F th tizati ts of the bulk mat tion. It would be desirable to improve the preparation of the
rom the magnetization measurements ot the bulk Mal&s, 505 1o produce the predicted bulk magnetization pfz4

rial we see that the effective moment is slightly below the . : . :
: SN per formula unit for half-metallic NiMnSb. Matching
value of 4ug predicted for half-metallic NiMnSB: A small NiMnSb films to the tunnel barrier interface while preserving

per_centage of atomic ghsorder may reduce in the ferrom""gthe high spin polarizing properties of the charge carrier is the
netic exchange coupling between the local magnetic MOA oyt significant materials challenge

ments of the Mnd-band and the conduction electréhs
bringing Mg down. Furthermore electronic structure calcula-
tions of disordered NiMnSB have shown that small levels
of disorder can reduce the minority-spin band gap to zero. This work was supported by the EU Contract FENIKS:
Recent theoretical analysis of surface reconstruction at th65RD 2001 00535.
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