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Single crystal Fe films grown on InAs  (100) by molecular beam epitaxy
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Thin Fe films have been grown on In@90 by molecular beam epitaxy, and studied usimgitu
magneto-optical Kerr effectMOKE), low energy electron diffractiolLEED), and scanning
tunneling microscopySTM). Despite the large lattice mismatch between Fe and InAs, the growth
of Fe on InAs at 175°C was found to be epitaxial with the orientation relationship
Fe(100)001)[InAs(100X001), as evidenced by LEED. STM images indicate that growth proceeds
via a 3D Volmer—Weber mode. The magnetic hysteresis loops measuredrusingMOKE show

a distinct cubic anisotropy with the easy axis ald@g1), the easy axis of bulk bcc Fe, which further
confirms that well ordered single crystal Fe films have been stabilized on thélb@\substrate.
Current—voltage measurements in the temperature range of 2.5-304 K show that Fe forms an ohmic
contact on InAs. We propose that Fe/lnAs is a suitable heterostructure for magnetoelectronic
devices as, unlike Fe/GaAs, there is no Schottky barrier to electron transpo99® American
Institute of Physicg.S0003-695(98)02029-4

Over the past three decades solid state electronics h&90 K, form low resistance contact$nAs also has a higher
developed dramatically, but with very little attention devotedlow-field mobility than GaAs and InP, which makes it an
to incorporating magnetic materials into integrated electronie@xcellent candidate for high speed field effect transistors.
devices. However the exciting new field of The crystal structure of InAs is very similar to that of GaAs,
magnetoelectronicswhich is based on the fact that electrons namely a zincblende structure composed of two nested face-
have spin as well as charge, has attracted much attentiarentered-cubic celThough the lattice mismatch of Fe and
recently. Future magnetoelectronic devices, in which the spitnAs (a,=6.058 A) of 5.4% is much larger than that of
of the electron is controlled, are expected to find applicationge/GaAs (1.3%, bcc Fe may possibly stabilize on InAs
based on hybrid semiconductor structures. In these devicdBrough a lattice relaxation process. It is well known that in
spin-dependent electron transport is an essential property semiconductor growth, such as InAs on Gadfkjgh quality
the device function. A spin-polarized field effect transistorepitaxy can be achieved despite the large lattice mismatch of
(spin FET) has already been propogdzhsed on the injection two materials(7.1%). In this letter we demonstrate that
of spin-polarized electrons from a ferromagnetic source intssingle crystal bcc Fe can be grown epitaxially on 1)
the semiconductor. and that the Fe films have well defined magnetic properties.

The development of magnetoelectronics stems essen- This study was carried out in a “multitechnique” mo-
tially from the successful epitaxial growth of high quality lecular beam epitaxyMBE) system, which includes situ
single crystal ferromagnetic metéM) films on oriented magneto-optical Kerr effectMOKE) and Brillouin light
semiconductor substrates, where the magnetic properties c&fattering(BLS) to probe the static and dynamic magnetic
be controlled. The most extensively studied system to date igroperties of samples, and scanning tunneling microscopy
Fe/GaAs. Epitaxial growth has been achieved by severdiSTM), low energy electron diffractiodLEED), reflection
groups®~® due in part to the fact that the lattice constant ofhigh energy electron diffractiotRHEED), and Auger spec-
bce Fe @,=2.866 A) is almost exactly half that of GaAs troscopy to provide structural, morphological, and composi-
(ag=5.654 A). However, as Fe forms a rectifying contacttional information. For STM measurements, the samples
on GaAs, the Schottky barriér-0.8 eV for Fe/GaA¥ pre-  were transferred without breaking the vacuum to a UHV
vents efficient spin injection from the FM pads to the semi-STM chamber which is attached to the main growth cham-
conductor substrates. The fabrication of ever smaller devicelger. The MOKE hysteresis loops were collected in the lon-
leads to higher current densities, which in turn need lowgitudinal geometry using an electromagnet with a maximum
resistance ohmic contacts to reduce thermal dissipation. Ifield of 2 kOe, and an intensity stabilized HeNe laker.
the case of Ill-V semiconductors, the nature of the metalCurrent—voltage I(~V) characterization was performesk
semiconductor contact, as well as the Schottky barriefituin the 304—2.5 K temperature range using a Keithley 236
height, depends largely on the band gap of the semicondugource-measure unit.
tors, rather than the work function properties of the metal ~ The Fe films were grown on InA00 substrates at a
overlayers. Metals on narrow gap semiconductors, such agate of approximately one monolay@lL ) per minute using
InAs which has a direct band gap as small as 0.36 eV a@ne-beam evaporator. The substrate temperature was held at

175 °C, which was found to be the optimum growth tempera-
3Electronic mail: jacbl@phy.cam.ac.uk ture for the GaAs syster® The pressure was around 7 to

— 10 : .
bAlso at: Toshiba Cambridge Research Laboratory, 260 Cambridge Sciend@ 1_0 mbar during grpwth. The deposmon rate_ was
Park, Milton Road, Cambridge CB4 1NB, UK. monitored by a quartz microbalance which was calibrated
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FIG. 1. LEED patterns ofa) InAs(100-4X 2 substrate, 68 eMb) Fe50  FIG. 2. In situ MOKE hysteresis loops of K80 ML)/InAs(100 for the
ML)/InAs(100), 136 eV and STM images df) InAs(100) substrate, bias magnetic field applied along four major crystal axes.

voltage 1.7 V and tunnelling current 2.0 nA, afdj Fe(50 ML)/InAs(100),

bias voltage 0.35 V and tunnelling current 2.6 nA. The scanned area for both

images is 1508 1500 A%. The circle in(c) indicates a small cluster on the with average size of about 18@50 A2, which is very dif-

surface. ferent from that of the substrate. The surface roughness of
the film is about 15 A. The lack of an Fe LEED pattern for

using RHEED oscillations of Fe on a A00) single crystal.  the first few monolayers and the island structure of the film
The InAS100 substrates were cleaned using a combinatiorsurface show that the growth of Fe on InA80-4X<2 pro-
of oxygen plasma etching and wet etching (HGIH ceeds via the three dimensional Volmer—Weber growth
=1:4) before loading into the UHV system and annealing inmode. Transmission electron microscoghEM) measure-
the chamber at 510 °C for half an hour before growth. ments are being carried out to study the interface structure
The LEED picture of the substrate after annealing isand gain further insight into the epitaxial growth mechanism
shown in Fig. 1a). The fourth-order spots along tKe11) in this system.
direction are very sharp and there is some streaking of the The magnetic properties were studied with situ
twofold spots in this direction, showing a In-terminated MOKE measurements. A clear magnetic signal was detected
4x2 reconstruction of the surfadé.The clearly recon- after 4 ML of deposition. The amplitude and the remnant
structed LEED pattern in Fig.(&) indicates that the InAs ratio of the MOKE loops increase with increasing coverage.
substrate surface has a high degree of crystallographic ordébove about 15 ML of Fe, square loops were observed when
with a long coherence length. Auger measurements showhe field is applied along th@01) directions, similar to those
that the substrate is free of O, but has a tiny C peak, after thim Fig. 2, which shows MOKE-hysteresis loops for anF&e
annealing. The LEED patterns were monitored as Fe wablL)/InAs(100) film along the four major crystal axes. The
deposited. No Fe LEED pattern was observed for the first 4ilms clearly display a cubic anisotropy, with the magnetic
ML, which shows that the growth is not layer-by-layer. After easy axes along001), the easy axes of bulk bcc Fe. It is
approximately 5 ML of deposition, faint LEED spots from noteworthy that the uniaxial anisotropy, which was found in
the Fe film appear. The LEED spots become clearer anthe Fe/GaAs systef® was not observed in the Fe/
sharper with increasing coverage up to 25 ML and then reinAs(100)-4X 2 structure in the thickness range of 15-50
tain a similar shape for higher coverages. A typical LEEDML. The coercivity H, of the 50 ML film is 28t 1 Oe,
pattern is shown in Fig. (b) after 50 ML of deposition, which is very similar to that of Fe/GaAs; e.dd.=25 Oe
which demonstrates that single crystal bcc Fe films havend H,~30 Oe were reported by Florczak and Dahlbérg,
been stabilized on INA%00-4x2. The epitaxial relation- and Gesteet al.,'® respectively. For the loops with the field
ship is Fe(100)001)[InAs(100X001), i.e., the same as that applied along thg(011) directions, the curves indicate an
for the Fe/GaAs systerh®*? abrupt switching at 28 Oe followed by a gradual increase to
Large area STM images (158500 A?) of the sub-  saturation at approximately 38%0 Oe. If a coherent rota-
strate and a 50 ML film are shown in Figsicland Xd), tion process is assumed for the magnetization alongth#
respectively. The average width of flat terraces of the subhard axis, the cubic anisotrogy,=2K,/M of the films is
strate as suggested by Figcllis around 350 A. The rough- about 380 Oe. This value is slightly smaller than that of the
ness of the substrate is about 3 A, corresponding to apulk bcc Fe,H,~550 Oe, and comparable with the cubic
atomic layer step. There are some structures-8fA height  anisotropy of a F&3 A, ~50 ML)/GaAg100 film, H,
and~60 A in average diameter on the surfdome of these ~400 Oe® Magnetic properties are well known to depend
is indicated by the circle in Fig. ()], which may be In sensitively on film structure. The distinctly anisotropic hys-
clusters formed due to the high annealing temperdtuee  teresis loops in Fig. 2 and the comparable coercivity and
quired to remove contamination from the surface. The sureubic anisotropy to that of Fe/GaAs system suggest that high

face of the film as shown in Fig.(d) has an island structure quality bcc Fe films with well defined magnetic properties
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LEED to be the same as that for the Fe/GaAs system, namely
Fe(100)Y001)[InAs(100X 001y, and STM images show that
growth proceeds via a 3D Volmer—Weber mode. MOKE
measurements show that the films have a well defined cubic
anisotropy and negligible uniaxial anisotropy. The Fe films
form a low resistance ohmic contact to InAs as evidenced by
the temperature dependentV measurements. The results
demonstrate that Fe/InAs is a very promising system for use
in future magnetoelectronic devices as it has both favorable
magnetic and electrical properties.
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