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Structural, chemical, and magnetic properties of Fe films grown on InAs„100…
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The structure of epitaxial Fe films grown on an InAs(100)-c(832)/(432) surface has been studiedin situ
by means of low-energy electron diffraction and x-ray photoelectron spectroscopy, while their magnetic prop-
erties were characterizedex situby superconducting quantum interference device magnetometry at tempera-
tures of 5–300 K. Deposition of iron at room temperature or below leads to the formation of a thin iron
arsenide layer that floats on the Fe film upon further deposition. Postdeposition annealing causes no significant
improvement of the film structure but activates a further arsenic diffusion through the Fe film. Significant
exchange-bias effects were found at low temperatures for insufficiently capped and partially oxidized Fe films,
and are attributed to noncollinear spin order at the Ag capping layer/Fe interface. For perfect, nonoxidized Fe
films, such a noncollinear spin order at the Fe/InAs interface is excluded as no thermomagnetic irreversibilities
were found. This indicates that the spin order at the Fe/InAs interface is suitable for spin injection.

DOI: 10.1103/PhysRevB.66.245307 PACS number~s!: 85.75.2d, 75.70.2i
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I. INTRODUCTION

The aim of developing magnetoelectronic devices ba
on spin-dependent transport mechanisms has raised s
interest in the physics of ferromagnetic~FM! metal/
nonmagnetic semiconductor~SC! interfaces.1 On the one
hand, easy technological processing, high Curie temp
tures, and low coercive fields recommend soft ferromagn
metals such as permalloy or iron as potential spin-polariz
contacts for room-temperature operation without exter
magnetic fields. On the other hand, the required high deg
of spin manipulation in the transport channel favors InAs
a suitable semiconductor on account of its pronoun
Rashba effect.2,3 Recent studies have shown that in spite o
large lattice mismatch, epitaxial Fe~100! films can be grown
on InAs~100! and form ohmic contacts.4,5 Despite significant
effort, however, a spin injection and subsequent detection
the spin blockade, which is the essential element of the s
transistor,3 has not yet been demonstrated. In addition to
impedance mismatch between semiconductor and met
contact,6,7 further limitations of a polarized injection effi
ciency are expected to arise from spin-flip scattering due
structural and chemical interface roughness or from anti
romagnetic alloys as, e.g., iron arsenide.8,9 While earlier
studies have reported that the growth of Fe films
InAs~100! results in the formation of iron arsenide as well
an indium segregation at the interface,10,11the spin alignment
at the interface has not yet been examined.

Here we report on a combined low-energy electro
diffraction ~LEED! and x-ray photoelectron spectrosco
~XPS! study of the structural and chemical properties of th
epitaxial Fe films grown on InAs~100! and of the Fe/InAs
interface with a particular emphasis on alloy formation a
its influence on magnetic properties of the films that w
characterized by superconducting quantum interference
vice ~SQUID! magnetometry. Conventional high-precisio
magnetometry is only rarely employed to gain insight in
0163-1829/2002/66~24!/245307~8!/$20.00 66 2453
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magnetic properties of FM/SC interfaces of interest as it
ways measures an effective sample magnetization. Howe
its versatility allowing wide range variations in temperatu
field, and sample orientation makes it, however, a valua
tool to investigate the hidden interfaces. In contrast to pre
ous studies on Fe/InAs, where Fe films have frequently b
prepared at elevated temperatures while their magnetic p
erties were studied at room temperature,4,5,10,12–15 in the
present study Fe films were grown at room temperature
their magnetic properties were investigated at temperat
ranging from 5 K to 300 K.Moreover, the influence of the
cap layer on the magnetic properties was studied and sig
cant exchange-bias effects were found for insufficient c
ping, resulting in partial oxidation of the iron film. Th
SQUID measurements indicate a noncollinear spin orde
the capping layer/Fe interface at low temperatures and
enhanced magnetic roughness at room temperature. Suc
fects are important regarding the domain configuration a
magnetization reversal of ferromagnetic electrodes for s
injection in electronic devices.

II. EXPERIMENT

The film growth and sample characterization was carr
out in a multitechnique UHV apparatus~base pressure 2
310210 mbar) with a sample load lock system that is d
scribed in detail elsewhere.16 Briefly, this apparatus is
equipped with a x-ray photoemission spectrometer consis
of a twin x-ray source~VG XR3E2 with Al and Mg anodes!
together with a hemispheric electron energy analyzer~LH
EA200, overall resolution 0.9 eV! and a microchannel-plate
LEED system~OCI!. The epiready InAs~100! wafers~Crys-
Tec! were cut into pieces of 435 mm2 and mounted as twin
samples on a variable-temperature sample holder~110–1000
K!, yielding an effective film area of 433.7 mm2 on each
sample. The InAs samples were prepared by repeated cy
of Ar-ion sputtering~500 eV for 30 min at 575 K! and sub-
©2002 The American Physical Society07-1
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sequent annealing at 750 K. After 3–5 cycles, no traces
contaminations were found in the corresponding XP spe
within the detection limit of about 2% of a monolayer and
sharp LEED pattern of thec(832)/(432) phase with a low
background signal was observed. Iron and silver were de
ited from a molecular-beam epitaxy source~Omicron,
EFM3T! at room temperature with typical growth rates
about 1.3–1.5 Å/min. The deposition rates were monito
by a quartz microbalance~Inficon, XTM2! that had been
cross calibrated by XPS and atomic force microscopy~AFM!
measurements on evaporated mesa structures, yielding a
curacy of the given film thickness of about 5%. The ma
netic properties of the films were characterized with
SQUID magnetometer~quantum design, MPMS 5! allowing
measurements at variable temperatures between 5 and 3
All hysteresis loops were corrected for the diamagnetic c
tributions from the substrate and from the sample holder

III. RESULTS

A. Growth and structure of Fe films

In the present study, all Fe films have been grown on
indium-rich c(832)/(432) reconstructed InAs~100! sur-
face to provide a reproducible substrate with a well-kno
microstructure.17–19 As demonstrated in previous studies
Bland and co-workers, epitaxial Fe films can be grown
that substrate.4,5,12 It is believed that the arsenic impoveris
ment of this surface phase minimizes a possible formatio
iron arsenide. After standard preparation~described in Sec
II !, a distinct LEED pattern was obtained for the clean s
strate revealing a mixture of (432) andc(832) structures.
Occasionally, it was possible to observe a purec(832)
phase where all diffraction spots along the@011̄# direction
could be well separated in the corresponding LEED patte
as shown in Fig. 1~a!.

During initial iron deposition at room temperature, th
LEED pattern became faint and an intermediate (431)
structure appeared at a nominal Fe layer thickness of a
0.1 nm.20 Further deposition led to a disappearance of
diffraction spots. When again increasing the film thickne
above 1.5 nm, broad diffraction spots reappeared, wh
sharpened up upon further deposition until at thicknesse
about 2.5 nm a distinct Fe(100)-(131) LEED pattern devel-
oped@see Fig. 1~b!#. The quantitative analysis of the LEED
pattern yields a lattice constant of 2.960.15 Å, in
close agreement with the Fe bulk value ofa52.866 Å
without any noticeable azimuthal anisotropy. T
comparison of both LEED patterns shown in Fig. 1 confir
the epitaxial relationship between substrate and fi
Fe(100)@010#i InAs(100)@010#, which has been observe
before by Xuet al.4,5 The LEED pattern of the films did no
improve significantly upon annealing after deposition. Ho
ever, such annealing causes an enhanced interface diffu
~as shown in the following!, so that all Fe films have bee
prepared at room temperature.

The chemical composition of the films and the interfa
was monitored by XPS measurements for various Fe la
thicknesses. In order to provide an accurate energy cali
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tion, all binding energies have been referenced to a Au-4f 7/2
binding energy21 of 83.8 eV, which was measured additio
ally for a gold foil mounted next to the InAs wafers on th
sample holder. Figure 2~a! shows the evolution of the As-3d
region with increasing Fe film thickness. In addition to t
As-3d peak atEB541.2 eV, which is strongly attenuate
with increasing Fe film thickness, a second peak appear
42.7 eV. The corresponding peak intensities were determ
by fitting a Gaussian to the experimental data after a lin
background subtraction and subsequent integration of
peak areas. As depicted in Fig. 2~d!, the intensity of this new
peak remains almost constant, whereas the intensity of
substrate-related As-3d peak decreases almost exponentia
with increasing film thickness. In a previous study on GaA
Sorbaet al. have identified the presence of a surface-rela
arsenic species on the basis of high-resolution X
measurements,22 which is characterized by a reduced bindin
energy of about 0.4 eV with respect to the As-3d line of the
bulk species. Such a substrate surface-related feature,
ever, cannot account for the As-3d line seen here because
was not found for the clean InAs surface, and moreover,
intensity does not decrease upon iron deposition. On
other hand, metallic arsenic is also unlikely to be the orig
since its As-3d binding energy amounts to 41.4 eV, which
very close to that of the InAs substrate.23 Instead, we at-
tribute this new peak to an iron arsenide species (FexAsy).
This assignment is corroborated by recent high-resolu
XPS measurements on FeAs2 ~Loellingite!, where in addi-
tion to a bulk-related species with a As-3d binding energy of
41 eV, a further, surface-related species atEB542 eV was
found.24 The same signature, namely, the appearance o
additional As-3d peak shifted by 1.4 eV towards highe

FIG. 1. LEED pattern of~a! the clean InAs(100)-c(832) sub-
strate taken atE580 eV and~b! after growth of a 12-nm Fe film
(E5100 eV) together with corresponding hard-sphere models
the reconstructed InAs surface~as suggested in Ref. 17! and the
Fe~100! film. Note, that the slight image distortion is caused by t
plane multichannel plates of the LEED system. The dashed or d
parallelograms represent the unit cells of the film and the unde
ing substrate.
7-2
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binding energies after deposition of 10-ML Fe~where ML
stands for monolayer! on InAs~100! was also reported by
Teodorescuet al.14 The fact that the intensity of the As-3d
line at 41.2 eV reveals an almost exponentiell attenuat
whereas the line at 42.7 eV assigned to iron arsenide s
nearly constant, corroborates the finding that iron arsen
floats on top of the Fe layer.

Figure 2~b! displays the In-3d doublet of the clean sub
strate and after deposition of a 12.7-nm Fe film. In addit
to the peak attenuation through the iron film, a continuo
shift of the In-3d5/2 binding energy from 443.5 eV for the
clean surface to about 442.7 eV for a 12.7-nm Fe film w
observed. Furthermore, the In-3p region is shown in Fig.
2~c!, which is superimposed and finally dominated by t
Fe-2p doublet. The evolution of the intensities obtained f
the different core levels is summarized in Fig. 2~d! as a func-
tion of the Fe thickness.

FIG. 2. Summary of XPS data obtained for the clean InAs s
strate and thin epitaxially grown Fe films recorded for a pho
energy of 1486.6 eV~Al Ka). Panels~a–c! show high-resolution
photoelectron spectra of~a! the As-3d region, ~b! the In-3d dou-
blet, and~c! the In-3p region and the Fe-2p doublet, respectively.
The additional As-3d state appearing upon Fe deposition~marked
as a gray peak! is attributed to an iron arsenide species. The relat
core-level intensities are summarized in panel~d! as a function of
the Fe film thickness.
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To study further the influence of annealing on the chem
cal composition, a 3.9-nm Fe film was grown at low tem
perature~230 K!. Subsequently, the film was heated to d
ferent temperatures for 1 min before cooling back to ro
temperature and recording the XP spectra. The resulting p
intensities are summarized in Fig. 3. Evidently, a clear
crease in the arsenic signal can be seen, whereas the in
signal remains almost constant and thus reflects a the
activated diffusion of the more volatile arsenic. Compar
with arsenic, the intensity of the arsenide species reve
only a small increase with increasing annealing temperat

B. Magnetic properties

In order to allow forex situmagnetic characterization o
the Fe films by SQUID magnetometry, a protection agai
oxidation was required. To this end, the Fe layers were c
ered by thick silver film of about 21 nm deposited at roo
temperature before removal from the vacuum. The Ag c
layer was found to grow epitaxially with~100! orientation as
seen in the corresponding LEED patterns. Moreover, X
measurements revealed no traces of As or Fe, thus indica
a high quality of the cap layers. To check whether such
layers provide a complete oxidation protection, the film
were also analyzed by XPS after the SQUID measureme
The XPS data obtained after partial removal of the cap la
by sputtering clearly showed the clean iron film without a
traces of oxygen or iron oxide, and thus confirmed a pro
protection.

Figure 4 displays the typical ferromagnetic behavior o
3.9-nm Fe film on InAs~100! at room temperature and at 5 K
The magnetic field was applied in-plane along the@011̄#,
@010#, and@011# substrate axis revealing an in-plane anis
ropy. At 300 K, coercive fields of 1 Oe and less were fou
along the@011̄# and@010# directions, while an enhanced co
ercive fieldHc of 9 Oe and an increased saturation field we
measured along@011#, indicating the magnetic hard axis
Noncollinear spin alignment, for example, at the interfa
was checked by cooling the sample from 300 K to 5 K in an
applied field of12500 Oe~i.e., larger than the saturatio
fields at 300 K!. Magnetic materials or layered systems i

-
n

e

FIG. 3. Evolution of different core-level intensities obtained f
a 3.9-nm Fe film grown at 230 K upon subsequent annealing.
7-3
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RUPPELet al. PHYSICAL REVIEW B 66, 245307 ~2002!
corporating antiferromagnetic-ferromagnetic coupling of
show irreversible thermomagnetic behavior, such as stron
increased coercive fields or a hysteresis asymmetry a
cooling in applied magnetic fields. None of these therm
magnetic irreversibilites were found for the present F
InAs~100! samples with 21-nm Ag capping layer as shown
Fig. 4~b!. Coercive fields only slightly increase to 25 O
along the@011̄# and@010# substrate axis and to 29 Oe alon
the @011# azimuth direction. The magnetic moment can
estimated from the saturation magnetization at 5 K a
yields a value of about 1.23103 emu/cm3, which is distinc-
tively reduced compared to the magnetic moment of the b
bcc iron (1.73103 emu/cm3). However, we attribute this re
duction only partially to the existence of an iron arsen
layer that gives rise to a reduced effective Fe layer thickn
since a precise analysis was hampered by experimenta
certainties in the absolute magnetization values of ab
20%.

C. Partial oxidation

The influence of an insufficient capping on the magne
properties of the films was further studied by additional m
surements of a 3.9-nm Fe film covered with only 1 nm of A
The high transparency for photoelectrons of such thin
layers allowed also detailed XPS measurements through
Ag film, that was utilized to demonstrate that the iron a
enide species still remains underneath the Ag film@see Fig.
5~a!#. XPS measurements recorded after exposing the sam
to air for about 12 h clearly showed the presence of an
ditional Fe-2p doublet revealing the presence of iron oxid
This assignment was confirmed by XPS data obtained fo
specifically oxidized iron film without any cap layer, whic
is also shown for comparison in Fig. 5~b!.

The magnetic properties of partially oxidized Fe films
InAs were characterized by hysteresis loops taken with
applied field along the@011̄# film axis. At first, measure-
ments were carried out at room temperature@Fig. 6~f!#, then

FIG. 4. Magnetic hysteresis loops of an epitaxial 3.9-nm Fe fi
('27 ML) on InAs~100! capped with 21-nm Ag measured alon
different in-plane axes at~a! 300 K and after cooling in an applie
field of 12500 Oe at~b! 5 K.
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the sample was cooled down to 5 K in an applied field
1350 Oe~i.e., larger than the saturation field at 300 K!, and
the hysteresis loop was measured at 5 K@Fig. 6~a!#. Subse-
quently, a series of hysteresis loops were recorded for
creasing temperatures up to 300 K, some of which are sh
in Figs. 6~a–f!. In contrast to the pure Fe/InAs adlayers, t
partially oxidized film exhibits at low temperatures a pr
nounced asymmetry of the hysteresis loops with respec
the zero-field axis. In the following, the field shift away fro
the zero-field axis is denoted as exchange biasHe .

FIG. 5. ~a! XP spectra of the As-3d region measured for a
3.9-nm Fe film covered by a 1-nm Ag layer.~b! Series of XP spectra
of the Fe-2p doublet recorded for~i! a 3.9-nm Fe film directly after
capping with a 1-nm Ag layer and~ii ! after the SQUID measure
ments. For comparison, a corresponding spectrum of an oxidize
surface is shown in~iii !.

FIG. 6. Magnetic hysteresis loops of an epitaxial 3.9-nm Fe fi
on InAs~100! covered by 1-nm Ag. After cooling from 300 K to 5 K

in an applied in-plane field of1350 Oe~along @011̄#), the mea-
surements were taken subsequently with increasing tempera
~a–f!.
7-4
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With increasing temperature, the exchange biasHe as
well as the asymmetry in the hysteresis shape decrease@see
Figs. 6~a–d!# and disappear at about 30 K, while the coerc
field Hc vanishes at a temperature of about 150 K. The
tailed temperature dependence ofHc and He are given in
Figs. 7~a! and 7~b!, respectively.

In Fig. 8, magnetic hysteresis loops measured at 5 K after
cooling in differently in-plane oriented applied fields a
shown. WhileHe(T) is nearly independent of the coolin
field orientation with respect to film crystal axesHc(T) and
the shape of hysteresis exhibits an in-plane anisotropy@cf.
Figs. 8~a,b!#. Hysteresis loops taken after cooling in appli

FIG. 7. Temperature dependence of~a! the coercive fieldHc and
~b! the exchange bias fieldHe of epitaxial Ag ~1 nm!/Fe ~3.8 nm!/
InAs~100! measured from 5 K to 300 Kafter cooling in an applied
field of 1350 Oe from 300 K to 5 K. The inset of~b! shows the
data on a logarithmic scale.

FIG. 8. Magnetic hysteresis loops of a 3.9-nm Fe film
InAs~100! capped by 1-nm Ag.~a! Measured at 5 K after cooling in

an applied in-plane field (1350 Oe) along the@011̄# direction and
~b! along the@011# direction. ~c! Measured at 300 K directly afte
sample fabrication and several weeks later~sample ageing!. ~d!
Training effect: comparison of magnetic hysteresis loops meas
as in ~b! for the 1 and 2 hysteresis cycles.
24530
-

fields along the magnetic hard axis@011# show a hysteresis
asymmetry not only as a shift on the field axis but also
hysteresis shape. Concerning several warming and coo
cycles, a training effect of the magnetic field for zero ma
netization~negative field axis! was found at 5 K, as shown in
Fig. 8~d!. Further measurements that were carried out sev
weeks later reveal a significant change in the shape of
hysteresis loop@see Fig. 8~c!#, which indicates an ongoing
ageing, i.e., oxidation of the sample.

IV. DISCUSSION

A. Film structure

The results of the present study confirm earlier findings
that ordered epitaxial Fe~100! films can be grown on
InAs~100! at room temperature. The observed gradual dis
pearance of the substrate LEED pattern during the e
stage of iron deposition reflects the initial island growth b
fore continuous films are formed, which has also been
served directly by scanning tunneling microscopy~STM!.4,12

The remaining finite spot size of the LEED pattern observ
also for Fe layer thicknesses of more than 10 nm indica
however, a somewhat granular structure of the deposited
films.

Corresponding XPS data recorded immediately after
tial iron deposition reveal the appearance of a new arse
species with a characteristic As-3d binding energy shifted by
about11.5 eV compared to the clean InAs. This new pe
is assigned to iron arsenide (FexAsy). While the intensity of
the InAs As-3d peak decreased with increasing Fe fil
thickness, the FexAsy As-3d line revealed an almost consta
intensity. This is an important observation that strongly in
cates that the iron arsenide layer is floating on top of the
film. Considering their relative atomic sensitivities21,25 and a
mean free path of aboutl513.6 Å for the Fe-2p
photoelectrons,26 the quantitative analysis of the relative in
tensities of As-3d and Fe-2p lines obtained for a 12-nm
thick Fe film yields an effective thickness for the iron ar
enide layer of about 2.3 Å~corresponding to 1.6 ML!. The
fact that despite the presence of this additional surface
enide a distinct Fe~100! LEED pattern was observed, sug
gests that iron arsenide is present in form of islands. T
formation of iron arsenide was also observed upon i
deposition at low temperatures of 230 K. This is not surpr
ing if one takes into account the kinetic energy of the i
pinging Fe atoms released from the hot evaporator sourc

The present observation of a surface-related iron arse
layer and its effective thickness is in close agreement w
the findings of a previous study by Teodurescuet al.10 We
note that their conclusion, however, was solely based on
difference in the attenuation of the indium and arsenide co
level intensities through the Fe film while they did not di
tinguish in their analysis between iron arsenide and arse
released from the InAs substrate. This is, however, of
evance as demonstrated by our temperature-dependent
measurements that revealed in addition to a slightly incre
ing iron arsenide signal a pronounced increase of the m
As-3d signal with increasing annealing temperature~shown
in Fig. 3!. Generally, the main As-3d signal at EB

ed
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541.2 eV can originate either from the InAs substrate
from released metallic arsenic that has almost the same b
ing energy. In the first case, the observed intensity incre
would imply a change in the Fe film topography upon he
ing, such as the formation of islands that effectively redu
the attenuation of the substrate photoelectrons. However,
can be effectively ruled out since at the same time the ind
signal of the substrate remains nearly constant, and
rather suggests a thermally activated diffusion of the vola
As from the substrate to the Fe film surface. Such a diffus
through the Fe film is presumably made possible by
granular structure, of which grain boundaries provide eff
tive diffusion channels.

As regards the indium in addition to an almost expon
tial intensity decrease, a small shift in the In-3d core level of
about 0.8 eV towards smaller binding energies was obse
in the XPS measurements upon iron deposition. The
intensity, however, did not allow for a more quantitative pe
analysis such as a peak decomposition. A similar shift
been reported by Schiefferet al. for the In-4d level11 that
was studied by ultraviolet photoemission spectroscopy.
tially, they observed a small increase of the In-4d binding
energy of about 0.1 eV for submonolayer iron covera
which they attributed to a band bending at the substrate
face. Upon further deposition, they measured a continu
reduction of the binding energy for this level, whic
amounted to about 0.5 eV for a 32-ML Fe film. According
Schieffer et al. this shift is caused by indium atoms th
are segregated or dissolved in the Fe film. Whereas gene
such peak shifts on metal/semiconductor interfaces
also be caused by changes in the corresponding F
level or the local work function, similar effects were n
observed for the core levels of arsenic or iron, and he
support the above interpretation. It should also be no
that Teodorescuet al. did not observe such a peak shift fo
the In-3d level in their growth study.10 This might be ex-
plained by small variations of the indium concentration
the InAs surface, which depends very critically on the act
preparation since indium tends to form metallic clusters
the surface.

In summary, the formation of a surface-related iron a
enide species in combination with the arsenic impoveri
ment of thec(832)/(432)-reconstructed InAs~100! sur-
face lead to the conclusion that the Fe films actually form
In/Fe interface. Taking further into account that the first ir
layers have a granular structure, a certain amount of se
gation is not unlikely.

B. Magnetic properties

The measured ferromagnetic behavior of nonoxidized t
epitaxial Fe films on InAs~100! at room temperature pre
sented here compare well with those of other works.4,5,12,13,15

In view of a possible noncollinear spin structure at the
InAs interface, our work includes additionally studies
thermomagnetic irreversibilities by recording also lo
temperature magnetic hysteresis after cooling in an app
field. No thermomagnetic irreversibilities such as hystere
asymmetry were found for Fe films that were effectively p
24530
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tected against oxidation by thick Ag cap layers. Hence
appears that for nonoxidized epitaxial Fe films on InAs, no
collinear magnetic coupling does not exist at the Fe/InAs a
the Fe/Ag interfaces. Accordingly, this finding is support
by the results of a chemical analysis where no signature o
Fe-As phase at the ferromagnet-semiconductor interfac
found which could incorporate antiferromagnetic spin stru
ture unfavorable for spin injection~cf. antiferromagnetic
bulk Fe2As with TN'353 K).27 Thus, based on these mag
netometric results together with the outcome of the UH
growth studies, we find no objections against the Fe/In
heterostructure for spin electronic ferromagn
semiconductor devices.

For spin electronic applications, microscale or ev
nanoscale patterning of suitable heterostructures plays a
jor role.28 Therefore we investigated further the influence
capping layers that protect Fe/InAs films only partia
against oxidation. At the edges of Fe microstructu
or nanostructures where the capping layer might be miss
or reduced in thickness, a non-negligible influence
the magnetic properties is to be expected by partial oxida
especially for nanoscale devices. On the basis of ou
chemical analysis~Fig. 5! proving partial oxidation of an
epitaxial Fe film on InAs, we attribute the observe
exchange-bias effects in magnetic hysteresis to antiferrom
netic and/or ferrimagnetic Fe-O phases, such as FeO, Fe2O3,
or Fe3O4. This conclusion is supported by the findin
of purely ferromagnetic behavior of nonoxidized Fe film
@Fig. 4~b!#.

Normally, when a conventional antiferromagnetic~AF!–
ferromagnetic~FM! bilayer is cooled below the AF Ne´el
temperature,TN in the presence of a magnetic field larg
than the saturation field of the ferromagnet, the interfac
interactions between the two materials will induce an uni
rectional exchange anisotropy that shifts the magnetic h
teresis loops of the ferromagnet away from the zero-fi
axis.29–31 The magnitude of this displacement is usually r
ferred to as the exchange biasHe , which can be defined a
2(H left1H right)/2, where H left and H right are the external
fields at zero magnetization. In addition to the shift of t
hysteresis loop, the coercivityHc52(H left2H right)/2 is al-
ways found to be enhanced compared to that of a single
layer. In an extended exchange-biased FM film, the mag
tization reversal is mainly controlled by the interfacial e
change coupling between the AF and FM layers. T
interfacial exchange anisotropy energy per unit area is c
monly given by s5HeMst ~cf. Ref. 31, and reference
therein!, where Ms denotes the saturation magnetizati
and t the film thickness of the FM layer. WithMs51.2
3103 emu/cm3, t53.9 nm, and the extrapolated value ofHe
~5 K! '700 Oe, this relation yieldss ~5 K! '0.33 erg/cm2,
which corresponds to reported orders of magnitu
(0.01–3.5 erg/cm2) for many AF/FM systems.31 The
blocking temperatureTB below which an exchange bia
occurs, must not necessarily coincide with but gives a low
limit of TN .31

Apparently, two different mechanisms contribute to t
temperature dependence of the coercive fieldHc(T), one of
which incorporating a maximum ofHc(T) at about 30 K and
7-6
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the other showing an exponential decrease. The anticip
maximum ofHc(T) at 30 K coincides with the disappea
ance of the exchange-bias field. Such behavior is often
served for FM/AF bilayers for temperatures at and bel
TB , and is thought to provide important information on t
fundamental origin of the exchange bias~cf. Refs. 31,32, and
references therein!. An exponential decrease ofHc(T) finds
an explanation in increased domain-wall mobility by therm
activation.

The temperature dependence of the exchange biasHe(T)
presented on a log-linear scale@cf. inset of Fig. 7~b!# implies
an exponential decrease, as possible for an ensemble o
clusters with a cluster size distribution whose magnetic
dering will decrease by thermal activation. Training effe
are indicative of domain formation and domain-wall pinni
in the AF phase@Fig. 8~d!#. The hysteresis loops taken aft
cooling in applied fields along the magnetic hard axis@011#
show a hysteresis asymmetry not only as a shift on the fi
axis but also in hysteresis shape@Fig. 8~b!#, which rather
implies two mechanisms taking part in magnetization rev
sal. This is mainly accounted to the ongoing oxidation@Fig.
8~c!# that affects all measurements but the first ones~cf. Fig.
6!.

The observed effects of partially oxidized thin epitax
Fe films have a direct bearing on the magnetization reve
in nanoscale patterned Fe layers with a lateral size be
0.5 mm, as regarded preferably for single-domain conta
Exchange-bias effects due to insufficient capping are
cussed to influence the magnetization reversal in the s
that it is not anymore governed by coherent rotation.33 Fur-
thermore, coercive fields are increased, domain-wall pinn
at the FM/AF interface can contribute to anisotropic mag
toresistance, and an increased number of domain wal
expected to decrease the signal-to-noise ratio in mag
totransport measurements.
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V. CONCLUSIONS

In summary, structural and chemical properties of epit
ial Fe~100! films grown on InAs~100! were characterized an
correlated with their magnetic properties obtained
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behavior that could provide further insight into the sp
structure at the interface. Low-temperature magnetiza
measurements after field cooling could be employed h
also as a sensitive tool in search for noncollinear magn
coupling due to interfacial mixing.
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