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JOURNAL OF APPLIED PHYSICS VOLUME 89, NUMBER 11 1 JUNE 2001

Magnetic Semiconductors and Heterostructures Il S. von Molnar, Chairman

Layer-resolved spin polarization in Sb overlayers on NiMnSb

R. Skomski,® T. Komesu, C. N. Borca, H.-K. Jeong,

and P. A. Dowben

Department of Physics and Astronomy and Center for Materials Research and Analysis,
University of Nebraska, Lincoln, Nebraska 68588

D. Ristoiu and J. P. Nozieres
CNRS, Laboratoire Louis M$ Avenue des Martyrs BP 166, 38042 Grenoble, CEDEX 09, France

The magnetism of antimony overlayers on a ferromagnetic substrate is investigated by
spin-polarized inverse photoemission and explained in terms of a spin-dependent envelope-function
approximation(SDEFA). The atomic structure of the films, which were deposited by sputtering Sb
onto a NiMnSK001) substrate, is characterized by a unique combination of three featires:
NiMnSb is a highly spin-polarized semi-Heusler alloy predicted to be halfmetélli@ntimony is

a semimetal, exhibiting a band structure reminiscent of indirect-gap semiconductor@j Jatiae

small lattice mismatch ensures a well-controlled interface. Combined x-ray absorption spectroscopy
and spin-polarized inverse photoemission yield a layer-resolved spin polarization decaying on a
length scale of the order of 1 nm. The unusual range of the spin polarization in the paramagnetic
overlayer is explained by considering the alloy—antimony interface as a spin-dependent perturbation
potential and taking into account the low effective masses of the Sb conduction ele@nins
about 0.1 for both electrons and hgles© 2001 American Institute of Physics.

[DOI: 10.1063/1.1357849

I. INTRODUCTION hole carrier densities are of comparable magnit(ateout 5
%10 ¥cm™3).” The band structure of the two materials is
Interfaces are well known to have a profound effect onjjjystrated in Fig. 2. The preparation and characterization of
the magnetic properties of the adjacent regions. Of particulafhe sputtered NiMnSb films considered in this work has been
interest are interfaces between different classes of materialgescribedelsewhefé. The films grown on Mg@001)/Mo
such as interfaces between magnetically ordered and semire epitaxial with a 5.9 A lattice constant and @®1) ori-
conducting materials:® This work focuses on the magne- entation. The Sb grows epitaxially on NiMnSb, wit00)
tism of heterostructures consisting of halfmetals and semigrientation, a cubic structure, and a 3.1 A lattice constant.
metals (Fig. 1. Halfmetallic materials, such as the
ferromagnetic oxide Cr9 and the semi-Heusler alloy Il. Sb SPIN POLARIZATION
NiMnSb, are ferromagnets characterized by the absence of e magnetism of the films was investigated by spin-
minority (|) electrons at the Fermi level—the minority band polarized inverse photoemissidhFigure 3 shows the spin
is half-filled whereas the majority) electrons yield metallic
conductivity. In other words, halfmetals are characterized by
the coexistence of insulating behavior for minority electrons
and metallic behavior for majority electrons. Semimetals,
such as C and Sb, are reminiscent of ordinary paramagnetic
semiconductors, except that their “energy gap” is negative.
This work deals with NiMnSb layers covered by Sb
overlayers. NiMnSb is a halfmetallic semi-Heusler alloy
crystallizing in the cubic G} structure. Ground-state theory
predicts that NiMnSb, a derivate of the parent Heusler alloy

Ni,MnSb, has a minority band gap of less than about 0.5 halfmetal semimetal
eV.*® Antimony is a semimetal characterized by a very small (ferromagnetic) (paramagnetic)
negative energy gap’ the overlap and Fermi energies are | .
about 180 and 90 meV, respectively, and the electron and 0 x

FIG. 1. Film cross sectiofschematig. Only the Sb surface layer is probed
3E|ectronic mail: rskomski@unlserve.unl.edu by inverse photoemission experiment.
0021-8979/2001/89(11)/7275/3/$18.00 7275 © 2001 American Institute of Physics
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D(E)
NiMnSb Sb
FIG. 2. Schematic densities of states of NiMnSb and Sb. NiMnSb Sb

FIG. 4. Reflection of majority and minority electrons at the NiMnSb/Sbh
asymmetry atEq as a function of the Sb layer thickness. interface.
Only the Sb top layer is probed by this meth@i&noted by
the arrow in Fig. ], and the measured spin asymmetry char- . ) o )
acterizes, in crude way, the magnetic polarization of thafrhe corresponding spin polarization 2of the_car_rler electrons,
layer. The lengths in Fig. 3 are given in arbitrary units, be-M= (N1 =N)/(n;+n)), wheren; =37 %kes, is given by
cause it was not possible to obtain an exact value for the total Kes—372n(X)
coverlayer thickness, but in any case the thickness range m(X)—m- 2
shown in Fig. 3 is of the order of 1 nm.

To explain the unusual range of the spin polarizationthe functionm,(z) is shown in Fig. 5. Comparison of Figs.
in the Sb overlayer we take into account that there are né and 5 shows that the present theory gives a qualitatively
minority states available at the NiMnSb Fermi level. Figurecorrect interpretation of the inverse photoemission data. The
4 illustrates the basic idea of this spin-dependent envelop@ain point is that the small Sb carrier concentrations, the
function approximatiofSDEFA): the majority electrons are small effective masm*, and the associated low Fermi level
able to move from the Sb overlayer into the NiMnSb,lead to very small values .
whereas the minority electrons are reflected at the
NiMnSb/Sb interface. Let us make the crude model assumpy piISCUSSION
tions that the height of the reflecting barrier is much higher
than the Fermi level and that the motion of the majority ~ Equations(1) and (2) establish a type oRKKY-type
electrons is essentially free. Since the wave functions of fre€heory for the spin polarization. As in the originRIKKY
electrons are of the type expfr), the majority electron den- theory;*the spin inhomogeneity originates from the fact that
sity remains unchanged in the NiMnSb/Sb interface regionthe electrons’ finite wave vectors make it impossible to
By contrast, the rigid-wall boundary condition for the minor- match perturbations on a local scale. Since we consider an
|ty e|ectrons means that the wave functioﬁlé(r) are equa' |nf|n|te potentlal barrier, the present theory iS aCtua”y non-
to zero atx=0. This phenomenon is equivalent to the enve-Perturbative, in contrast to the perturbatiRKKY theory.
lope function approximation used to describe quantum contlowever, the main difference between REKY theory and
finement in semiconductof8,except that we consider spin- Our approach is the semi-infinite character of the our prob-
dependent wave function and a semi-infinite medium rathelem. This relationship must be compared with a recent ap-
than a thin film. Using the solution of the spin-independentProach by Hunziker and Landdltwhere spin effects in
scattering of a three-dimensional free electron gas at an infsemiconductors are discussed by considering the Heisenberg

nite potential barriéf we obtain the electron density exchange between two hydrogen-like orbitals characterized
i by a small effective mass*. (In this respect, Sb behaves
n(x)= kes cog2kex)  Sin(Zkex) _ (1) ke semiconductor barriers for majority and minority. Note

. 3m° (2kex)? (2kex)? that the use of Heisenberg-type exchange integrals is a fair
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FIG. 3. Spin-polarized inverse photoemission dat&at The spin asym-  FIG. 5. The theoretical spin polarization in the Sb overlayer as a function of
metry is measured in percent. the distance from the NiMnSb/Sb interface.
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alternative to the RKKY exchange, whereas the use V. CONCLUSIONS
hydrogen-like orbital amounts to a very crude treatment of In this work, we have investigated the problem(efui-

the film geometry. : . librium) spin injection from the half-metal NiMnSb into the
In a sense, the present theory describes the nonbalhstg:emim’atal Sb. The present anproach vields a laver-specific
injection of majority electrons from NiMnSb into Sb, and the : P PP y yer-sp

SR . . o ..~ analysis of the spin polarization, in contrast to methods such
electron density implied by Fig. 4 is an equilibrium distribu- as that used in Ref. 3, where spin injection is probed indi-

tion, as in an ordinary diffusive semiconductor. Continuously o . .
o . . . . - “rectly, by considering the exchange coupling through a semi-
injected electrons keep their spin orientation for some time ] . .
X . conducting medium. The comparatively long range of the Sb

but they also create a self-consistent spin-dependent ex-.. A . . :

o : : sSpin polarization is explained by the semimetallic character
change field in the Sb overlayer, which establishes the ob-

S 2 of the Sb overlayer.
served equilibrium magnetization.
Due to the crude approximations involved, it is not pos-

sible to extract reliable quantitative information from Eqs. ACKNOWLEDGMENT
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