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We report the growth of single-phase, stoichiometric polycrystalline thin films of the half-Heusler
ferromagnet NiMnSb, predicted to be half-metallic, on single crystal (48D substrates heated at
200 °C by pulsed laser deposition. The films exhibit saturation magnetizatiopgfférmula unit

at 5 K and coercive fields of 2 Oe at 300 K indicative of their good structural quality. At low
temperatureT< 200 K) the system behaves like a Heisenberg ferromagnet as expected for a
half-metal, while aff > 200 K it behaves like an itinerant ferromagnet. The resistivity of the film at
5K is 6 u) cm. © 2004 American Institute of PhysiddOI: 10.1063/1.1807026

Establishing efficient spin injection from a ferromagnetic FENIKS that we are participating in is to employ an InSb-
metal into a semiconductor is presently one of the main ishased 2DEG system in fabricating a SFET similar to that
sues in spintronics that has captured the interest of experproposed by Datta and Das.
mentalists and theorists alikeThe driving force behind this In a previous study we reported the low-temperature
interest has been the realization of a spin field-effect transisgrowth of polycrystalline NiMnSb films onto Si111) sub-
tor (SFET) proposed by Datta and DAg-or this device to strates using pulsed laser depositi(fPLD).6 Those films,
operate as envisioned, the injection of spin-polarized carriereowever, exhibited a relatively low saturation magnetization
from a ferromagnet into a two-dimensional electron gasof 3.5ug at 5 K and a residual resistivity of 48 cm,
(2DEG) structure based on a narrow-gap semiconductoindicating the presence of significant amount of structural
(NGYS) is required. The aim is to exploit the high mobility disorder.
and spin—orbit interaction exhibited by a NGS. The manipu-  In this letter we report our efforts to grow single-phase,
lation of the latter effect via a gate voltage will allow the stoichiometric polycrystalline NiMnSb thin films on single
control of the spin direction. Recent theoretical studies haverystal InSb(100) substrates heated at 200 °C by PLD. The
attributed the observed low efficiency of the spin-injectionneed for the low temperature depositions is associated with
from a 3 ferromagnetic metal into a semiconductoo a  the structural damage that InSh-based structures suffer when
conductivity mismatch between the two materfalon the  heated to temperatures above 250 °C. There are only a few
other hand, it has been proposed that using ferromagneteports on the deposition of high quality thin films at mod-
which exhibit 100% spin polarization, should enhance theerate temperature®30-300 °G using methods of growth
spin-injection efficiency. other than PLD™ The films exhibit saturation magnetiza-

In this context we have grown thin films of NiMnSb, a tion of 4 ug/formula unit at 5 K consistent with the ex-
ferromagnetic ternary alloy with th€;, half-Heusler struc-  pected half-metallic behavior. In addition, the low coercive
ture, on InSb. NiMnSb has been chosen because band strugeld of 2 Oe at room temperature and the low resistivity of
ture calculations preditit to exhibit 100% spin polarization ¢ wQ cm at 5 K exhibited by these films constitute strong
at the Fermi level. Other important reasons for choosingvidence for their good quality.

NiMnSb as a spin injector ar@) its similarity with the zinc NiMnSb films were grown by the conventional PLD
blende structure which makes it compatible with the semimethod onto heated single crystal InGIHO) substrategT,
conductors commonly used in microelectronics industry and- oo °Q in vacuum. Details regarding the deposition of the
(b) its high Curie temperature730 K). We have used InSb  fimg have been described elsewh&mle have investigated

substrates because the ultimate goal of the European projfe reproducibility of our results by producing several thin

films of different thicknesses between 100 and 680 nm. The
¥Electronic mail: giapintz@iesl.forth.gr thickness of the films was measured accurately with an
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FIG. 1. X-ray diffraction pattern foa) the NiMnSb target andb) the
NiMnSb thin film (t=590 nm). The open symbols correspond to the experi-
mental data points. The solid lines are a least-squaré¢®éit. 14 of the
observed diffraction profile based on the space gr@p of NiMnSb

(cubic—F43m). The vertical bar marks shown below the diffraction patterns
define the position of the Bragg reflections determined after the multicycle AccV Spol Magn  Del WD F——————— 1m
self-consistent refinement of the spectra that involves simultaneous manipu(y) 20,08V 305604400 < SE 9.9

lation of several structural parameters. The asterisks on spe¢ijutenote

B.ragg _reflections of the aluminum sample holder used to collect powdeg g ». (a) Scanning electron micrograph showing dropléts. The same
diffraction data of the target. film at higher magnification.

alpha-step profilometer. Here we report on a thin film ofihe fiim. EDX measurements on the NiMnSb film show that
thickness 590 nm, which reflects the typical observedis sipichiometry is 1:1:1, same as that of the PLD target.

behavior. - Similar chemical composition measurements on a number of
The NiMnSb targets used for the PLD deposition Weregroplets show that they also are stoichiomefticl:1).

prepared by arc-melting and postannealing treatr é, fit. Figure 3 shows the applied magnetic field dependence of
The structure of the films and the targets was determined b%agnetization,M(H), at 5 K and room temperature. The

x-ray diffractometry(XRD) using a RigakyRINT-2000) dif- magnetic field was applied parallel to the plane of the film; it

fractometer equipped with a thin-film attachment. The sto+g known that the easy axis of magnetization lies within the

ichiometry of the films was determined by energy dispersive,ane pecause of the thin film shape anisotropy. A saturation
x-ray (EDX) measurements in a PHILIPS XL 30 scanning yjagnetizationMy, of 4.0+0.06z/f.u. was obtained at 5 K,

electron microscope. dc magnetization measurements in thg,hsistent with the expected half-metallic nature of the film.
temperature rangesST=< 300 K were carried out in a com-

mercial Oxford extraction magnetometer. The electrical re-
sistivity of the films was measured using the standard four- ' ' ' ' ' !

%

i

-15 .10 -5 5 10
, Magnetic Field (Oe)
I L

in NiMnSb films grown on Si(100) and becomes more in- ©00000000000000
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tense as the thickness of the films is increased. The extracted 15|
lattice parameter for the film is 0.5984 nm, compared to
0.59241) nm for the target.

Figure 2 shows scanning electron micrographs of the

film obtained at different magnifications. As can be seerkig, 2 magnetization curves for the NiMnSh film at 5 and 300 K. Inset:

probe ac method. 4L o T=5K 0000000000000 -
It is evident from Fig. 1 that the film is polycrystalline o T=300K ©00000000000000

and there is no trace of a second phase both in the film and
the target within the resolution of the x-ray diffractometer. It 2r ]
Both the film and the target structures were successfully re- E‘“
fined within theF43m space group? Direct comparison of 50 _
the XRD spectra for the bulk and the film indicates a high % '?-38
degree of(220) texturing in the film. It is noteworthy that g g
(220 is the most intense peak of the bulk XRD spectrum. A § -2} g0 ]
high degree 0f220) texturing has also been observed by us g

g
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there are smail droplets on the otherwise smooth surface @iysteresis loop showing a coercive fietd,, of 2 Oe.
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g2 ] (8.6 w2 cm),*? indicating that the film is of good quality
1.22 | ™ ] with low disorder. At room temperature the resistivity was
T 1.20 20+0.2uycm. The residual resistivity ratio[RRR
ol ) =p(300 K)/p(5 K)] is ~3. This relatively low RRR value is
5 118 ] most likely due to the presence of the grain boundaries in the
J_E-', 1.16 . polycrystalline film, which may not affect the saturation
£ 1.14 ] magnetization but could significantly increase the residual
E 112 1 resistivity of the sample. More detailed analysis of the trans-
g - port measurements, which suggest that the contact between
£ 110 1 NiMnSb and InSb is ohmic and thus suitable for spin
“:’ ] F : 20,21, ; @
5 1.08 injection; "~ will be reported elsewher&.
S 406l 0 2 4 6 8§ 10 R, A In conclusion we have studied the structural, composi-
o Taoxet tional, magnetic and electrical properties of NiMnSb poly-
1.04 C 5 10 15 20 25 30 35 40 45 50 55 60 crystalline thin films grown onto moderately heated single

crystal InSb substrates by PLD. The films were single-phase
and stoichiometric, and exhibited a rather high degree of

FIG. 4. Temperature dependence of the magnetic moment for the NiMnsszz,O) tgxtgrlng. The mea,sured magngtlc and _electrlcal prop_
film. The open circles are the experimental data. The solid line in the mairEfti€s indicate that the films are of high quality and exhibit

figure is the fittedBloch T2 law for the temperature range 5KT  signatures expected for half-metallic systems.
<200 K. Inset: The solid line is a fit which shows that for temperatures

higher than 200 KM? is a linear function off. The authors gratefully acknowledge support from the
EU project FENIKS G5RD-CT-2001-00535.
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