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The structure of epitaxial Fe films grown on an InAs(1@0B-x 2)/(4X 2) surface has been studigdsitu
by means of low-energy electron diffraction and x-ray photoelectron spectroscopy, while their magnetic prop-
erties were characterizezk 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.
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[. INTRODUCTION magnetic properties of FM/SC interfaces of interest as it al-
ways measures an effective sample magnetization. However,
The aim of developing magnetoelectronic devices baseiis versatility allowing wide range variations in temperature,

on spin-dependent transport mechanisms has raised strofigld, and sample orientation makes it, however, a valuable
interest in the physics of ferromagnetitFM) metal/  tool to investigate the hidden interfaces. In contrast to previ-
nonmagnetic semiconductdSC) interfacest On the one Ous studies on Fe/InAs, where Fe films have frequently been
hand, easy technological processing, high Curie temperdzrgpared at elevqted temperatures while th%lgzmggnetlc prop-
tures, and low coercive fields recommend soft ferromagneti€rties were studied at room temperattite?**~*in the
metals such as permalloy or iron as potential spin-polarizing®résent study Fe films were grown at room temperature and
contacts for room-temperature operation without externafn€ir magnetic properties were investigated at temperatures
magnetic fields. On the other hand, the required high degre@nging fran 5 K to 300 K.Moreover, the influence of the
of spin manipulation in the transport channel favors InAs as@p layer on the magnetic properties was studied and signifi-
a suitable semiconductor on account of its pronouncedant exchange-bias effects were found for insufficient cap-
Rashba effect? Recent studies have shown that in spite of aPing, resulting in partial oxidation of the iron film. The
large lattice mismatch, epitaxial B0 films can be grown SQUID measurements indicate a noncollinear spin order at
on INAS100) and form ohmic contact® Despite significant the capping Iayer/_Fe interface at low temperatures and an
effort, however, a spin injection and subsequent detection b§nhanced magnetic roughness at room temperature. Such ef-
the spin blockade, which is the essential element of the spiFCts are important regarding the domain configuration and
transisto? has not yet been demonstrated. In addition to arj"agnetization reversal of ferromagnetic electrodes for spin
impedance mismatch between semiconductor and metall#iection in electronic devices.
contact®’ further limitations of a polarized injection effi-

ciency are expected to arise from spin-flip scattering due to Il. EXPERIMENT
structural and chemical interface roughness or from antifer-
romagnetic alloys as, e.g., iron arsenideWhile earlier The film growth and sample characterization was carried

studies have reported that the growth of Fe films onout in a multitechnique UHV apparatubase pressure 2
INAs(100) results in the formation of iron arsenide as well as < 10~ ° mbar) with a sample load lock system that is de-
an indium segregation at the interfa@the spin alignment scribed in detail elsewhef8. Briefly, this apparatus is
at the interface has not yet been examined. equipped with a x-ray photoemission spectrometer consisting
Here we report on a combined low-energy electron-of a twin x-ray sourcéVG XR3E2 with Al and Mg anodes
diffraction (LEED) and x-ray photoelectron spectroscopy together with a hemispheric electron energy analy&ét
(XP9) study of the structural and chemical properties of thinEA200, overall resolution 0.9 gvand a microchannel-plate
epitaxial Fe films grown on InA400 and of the Fe/lInAs LEED system(OClI). The epiready InA4.00) wafers(Crys-
interface with a particular emphasis on alloy formation andTec) were cut into pieces of 45 mn? and mounted as twin
its influence on magnetic properties of the films that weresamples on a variable-temperature sample hgtEd—1000
characterized by superconducting quantum interference dé), yielding an effective film area of 3.7 mnf on each
vice (SQUID) magnetometry. Conventional high-precision sample. The InAs samples were prepared by repeated cycles
magnetometry is only rarely employed to gain insight intoof Ar-ion sputtering(500 eV for 30 min at 575 Kand sub-
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sequent annealing at 750 K. After 3-5 cycles, no traces of

contaminations were found in the corresponding XP spectre tboif;yer
within the detection limit of about 2% of a monolayer and a ®In
sharp LEED pattern of the(8x 2)/(4X 2) phase with a low ® As
background signal was observed. Iron and silver were depos 2nd
ited from a molecular-beam epitaxy sourd¢®micron, %'alf"
EFM3T) at room temperature with typical growth rates of o As
about 1.3-1.5 A/min. The deposition rates were monitored

by a quartz microbalancénficon, XTM2) that had been

cross calibrated by XPS and atomic force microsc@fyM) # [010]
measurements on evaporated mesa structures, yielding an a

curacy of the given film thickness of about 5%. The mag-

netic properties of the films were characterized with a

SQUID magnetometegiguantum design, MPMS)3llowing ~
measurements at variable temperatures between 5 and 300 |

All hysteresis loops were corrected for the diamagnetic con-

tributions from the substrate and from the sample holder. - [O’IT]

FIG. 1. LEED pattern ofa) the clean InAs(100)-c(8 2) sub-
strate taken aE=80 eV and(b) after growth of a 12-nm Fe film
A. Growth and structure of Fe films (E=100 eV) together with corresponding hard-sphere models of
he reconstructed InAs surfadas suggested in Ref. 1and the
€100 film. Note, that the slight image distortion is caused by the

f ¢ id ducibl bstrat ith 1k plane multichannel plates of the LEED system. The dashed or dark
ace 1o provide a reéproducibie substrate with a weil- noV\mparallelograms represent the unit cells of the film and the underly-

microstructure’~*° As demonstrated in previous studies bY ing substrate.
Bland and co-workers, epitaxial Fe films can be grown on

that SubStI’até'.s’lz It is believed that the arsenic impOVeriSh' tion, all b|nd|ng energies have been referenced to a A_}}Z4
ment of this surface phase minimizes a possible formation ofinding energ$* of 83.8 eV, which was measured addition-
iron arsenide. After standard preparati@®escribed in Sec. ajly for a gold foil mounted next to the InAs wafers on the
II), a distinct LEED pattern was obtained for the clean SUb'sampIe holder. Figure(8) shows the evolution of the AseB
strate revealing a mixture of (42) andc(8x2) structures.  region with increasing Fe film thickness. In addition to the
Occasionally, it was possible to observe a pa(@x2)  As-3d peak atEg=41.2 eV, which is strongly attenuated
phase where all diffraction spots along th&l1] direction  with increasing Fe film thickness, a second peak appears at
could be well separated in the corresponding LEED patterr42.7 eV. The corresponding peak intensities were determined
as shown in Fig. (8. by fitting a Gaussian to the experimental data after a linear
During initial iron deposition at room temperature, the background subtraction and subsequent integration of the
LEED pattern became faint and an intermediatex (9 peak areas. As depicted in Figd®, the intensity of this new
structure appeared at a nominal Fe layer thickness of abopieak remains almost constant, whereas the intensity of the
0.1 nm?° Further deposition led to a disappearance of thesubstrate-related AseBpeak decreases almost exponentially
diffraction spots. When again increasing the film thicknesswith increasing film thickness. In a previous study on GaAs,
above 1.5 nm, broad diffraction spots reappeared, whiclsorbaet al. have identified the presence of a surface-related
sharpened up upon further deposition until at thicknesses @rsenic species on the basis of high-resolution XPS
about 2.5 nm a distinct Fe(100)-K11) LEED pattern devel- measurements which is characterized by a reduced binding
oped[see Fig. 1b)]. The quantitative analysis of the LEED energy of about 0.4 eV with respect to the Ad-the of the
pattern vyields a lattice constant of 29.15A, in  bulk species. Such a substrate surface-related feature, how-
close agreement with the Fe bulk value at2.866 A  ever, cannot account for the Asi3ine seen here because it
without any noticeable azimuthal anisotropy. Thewas not found for the clean InAs surface, and moreover, its
comparison of both LEED patterns shown in Fig. 1 confirmsintensity does not decrease upon iron deposition. On the
the epitaxial relationship between substrate and filmpther hand, metallic arsenic is also unlikely to be the origin
Fe(100)010][InAs(100) 010], which has been observed since its As-3l binding energy amounts to 41.4 eV, which is
before by Xuet al*®° The LEED pattern of the films did not very close to that of the InAs substratelnstead, we at-
improve significantly upon annealing after deposition. How-tribute this new peak to an iron arsenide speciesABg.
ever, such annealing causes an enhanced interface diffusidiis assignment is corroborated by recent high-resolution
(as shown in the following so that all Fe films have been XPS measurements on FeAd oellingite), where in addi-
prepared at room temperature. tion to a bulk-related species with a Ast®inding energy of
The chemical composition of the films and the interface41 eV, a further, surface-related speciesEgt=42 eV was
was monitored by XPS measurements for various Fe layeiound?* The same signature, namely, the appearance of an
thicknesses. In order to provide an accurate energy calibradditional As-31 peak shifted by 1.4 eV towards higher

Ill. RESULTS

In the present study, all Fe films have been grown on th
indium-rich c(8x2)/(4x2) reconstructed InA&400 sur-
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__,,J.;'-,/ a 3.9-nm Fe film grown at 230 K upon subsequent annealing.
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Binding Energy [eV] Binding Energy [eV] To study further the influence of annealing on the chemi-
cal composition, a 3.9-nm Fe film was grown at low tem-
perature(230 K). Subsequently, the film was heated to dif-
ferent temperatures for 1 min before cooling back to room
temperature and recording the XP spectra. The resulting peak
intensities are summarized in Fig. 3. Evidently, a clear in-
crease in the arsenic signal can be seen, whereas the indium
signal remains almost constant and thus reflects a thermal
activated diffusion of the more volatile arsenic. Compared
with arsenic, the intensity of the arsenide species reveals
only a small increase with increasing annealing temperature.
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FIG. 2. Summary of XPS data obtained for the clean InAs sub- In order to allow forex situmagnetic characterization of
strate and thin epitaxially grown Fe films recorded for a photonthe Fe films by SQUID magnetometry, a protection against
energy of 1486.6 eV(Al K,). Panels(a—g show high-resolution ~oxidation was required. To this end, the Fe layers were cov-
photoelectron spectra @) the As-3 region, (b) the In-3d dou-  ered by thick silver film of about 21 nm deposited at room
blet, and(c) the In-3p region and the Fe42 doublet, respectively. temperature before removal from the vacuum. The Ag cap
The additional As-8 state appearing upon Fe depositionarked  layer was found to grow epitaxially witfLOO) orientation as
as a gray peaks attributed to an iron arsenide species. The relativeseen in the corresponding LEED patterns. Moreover, XPS
core-level intensities are summarized in paftlas a function of  measurements revealed no traces of As or Fe, thus indicating
the Fe film thickness. a high quality of the cap layers. To check whether such cap

layers provide a complete oxidation protection, the films
binding energies after deposition of 10-ML Fehere ML ~ Were also analyzed by XPS after the SQUID measurements.
stands for monolaygron INAS100) was also reported by The XPS (_Jlata obtained after partial removal_of th_e cap layer
Teodoresciet al* The fact that the intensity of the Asd3 by sputtering clearly_showeq the clean Iron f"'.’“ without any
line at 41.2 eV reveals an almost exponentiell attenuation, fraces of oxygen or iron oxide, and thus confirmed a proper

whereas the line at 42.7 eV assigned to iron arsenide sta)FgOt?Ct'on' . . , .
nearly constant, corroborates the finding that iron arsenide F19ure 4 displays the typical ferromagnetic behavior of a
floats on top of the Fe layer, 3.9-nm Fe film on INA&LO0) at room temperature and at 5 K.
Figure 2b) displays the In-8 doublet of the clean sub- The magnetic field was applied in-plane along fifd1],
strate and after deposition of a 12.7-nm Fe film. In addition[010], and[011] substrate axis revealing an in-plane anisot-
to the peak attenuation through the iron film, a continuougopy. At 300 K, coercive fields of 1 Oe and less were found
shift of the In-3s,, binding energy from 443.5 eV for the along the[011] and[010] directions, while an enhanced co-
clean surface to about 442.7 eV for a 12.7-nm Fe film wasrcive fieldH. of 9 Oe and an increased saturation field were
observed. Furthermore, the Ip3region is shown in Fig. measured alond011], indicating the magnetic hard axis.
2(c), which is superimposed and finally dominated by theNoncollinear spin alignment, for example, at the interface
Fe-2p doublet. The evolution of the intensities obtained forwas checked by cooling the sample from 300a<5tK in an
the different core levels is summarized in FigdRas a func-  applied field of +2500 Oe(i.e., larger than the saturation
tion of the Fe thickness. fields at 300 K. Magnetic materials or layered systems in-

245307-3



RUPPELet al. PHYSICAL REVIEW B 66, 245307 (2002

7y a) As 3d b) Fe 2p,,
Q.
- 3 Fe 2p
qCJ No 5 12 I 112
1) =
£ 24 \ -
3 £ e ©
o £ PRPLTN FeAs, | ©
S 36 38 40 42 44 46
3 Binding Energy [eV] %
2 IS
()]
©
E E‘
' b) |
1 2 ‘
applied field [kOe] 680 700 720 740

) ) o ) Binding Energy [eV]
FIG. 4. Magnetic hysteresis loops of an epitaxial 3.9-nm Fe film

(=27 ML) on InAg(100 capped with 21-nm Ag measured along  FIG. 5. (a) XP spectra of the As<® region measured for a

different in-plane axes &#) 300 K and after cooling in an applied 3.9-nm Fe film covered by a 1-nm Ag layéb) Series of XP spectra

field of +2500 Oe atb) 5 K. of the Fe-2 doublet recorded fofi) a 3.9-nm Fe film directly after
capping with a 1-nm Ag layer andi) after the SQUID measure-

corporating antiferromagnetic-ferromagnetic coupling oftenments. For comparison, a corresponding spectrum of an oxidized Fe

show irreversible thermomagnetic behavior, such as stronglgurface is shown iiii ).

increased coercive fields or a hysteresis asymmetry after

cooling in applied magnetic fields. None of these thermo+he sample was cooled down to 5 K in an applied field of

magnetic) irreversibilites were found for the present Fe/, 35 Oeli.e., larger than the saturation field at 300 Knd
InAs(100) samples with 21-nm Ag capping layer as shown iny, o v steresis loop was measured at §rig. 6a)]. Subse-
Fig. 4(b). Coercive fields only slightly increase to 25 O€ g ently a series of hysteresis loops were recorded for in-
along the{011] and[010] substrate axis and to 29 Oe along creasing temperatures up to 300 K, some of which are shown
the [011] azimuth direction. The magnetic moment can bejn Figs. Ga—f). In contrast to the pure Fe/InAs adlayers, the
estimated from the saturation magnetization at 5 K ancpartially oxidized film exhibits at low temperatures a pro-
yields a value of about 1:210° emu/cni, which is distinc-  nounced asymmetry of the hysteresis loops with respect to
tively reduced compared to the magnetic moment of the bulkhe zero-field axis. In the following, the field shift away from
bce iron (1.7 10° emu/cni). However, we attribute this re- the zero-field axis is denoted as exchange bigs

duction only partially to the existence of an iron arsenide
layer that gives rise to a reduced effective Fe layer thickness

since a precise analysis was hampered by experimental un- 1 /,’___.-«:-., AT
certainties in the absolute magnetization values of about { ] ) ‘
20%. 0 — 1

|
{ Hef ]
..:'./_../' a) __“__) d)
[ S 5y

C. Partial oxidation

The influence of an insufficient capping on the magnetic
properties of the films was further studied by additional mea-
surements of a 3.9-nm Fe film covered with only 1 nm of Ag.
The high transparency for photoelectrons of such thin cap
layers allowed also detailed XPS measurements through the
Ag film, that was utilized to demonstrate that the iron ars-
enide species still remains underneath the Ag fitme Fig. 0 f

|

magnetization / sat. magnet.
o

5(a)]. XPS measurements recorded after exposing the sample ! H]
to air for about 12 h clearly showed the presence of an ad- ..H..‘_*L..—’J c) f)
ditional Fe-2 doublet revealing the presence of iron oxide.
This assignment was confirmed by XPS data obtained for a
specifically oxidized iron film without any cap layer, which
is also shown for comparison in Fig(tb. FIG. 6. Magnetic hysteresis loops of an epitaxial 3.9-nm Fe film
The magnetic properties of partially oxidized Fe films onon inag100) covered by 1-nm Ag. After cooling from 300 K to 5 K
InAs were characterized by hysteresis loops taken with ag, ., applied in-plane field of- 350 Oe(along[011]), the mea-

applied field along thé011] film axis. At first, measure- surements were taken subsequently with increasing temperature,
ments were carried out at room temperatfiffig. 6f)], then  (a—.

-1 0 1 -1 0 1
applied field [kOe]
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1.0 fields along the magnetic hard aXi811] show a hysteresis
0.8 1 asymmetry not only as a shift on the field axis but also in
) ”}. hysteresis shape. Concerning several warming and cooling
9 0.6 ™ [011] cycles, a training effect of the magnetic field for zero mag-
5 0.4f \/ netization(negative field axiswas found at 5 K, as shown in
T - Fig. 8(d). Further measurements that were carried out several
0.2 [011] a) L :
weeks later reveal a significant change in the shape of the
0 ! hysteresis loofsee Fig. &)], which indicates an ongoing
0.8 3 — n\\\ﬁ\\\g\\\.\[o11] ageing, i.e., oxidation of the sample.
b~ ©.100 I
T 06 @ = IV. DISCUSSION
9 011
= 04 _% O %575 A. Film structure
T TK] : o i
0.2 T The results of the present study confirm earlier findings in
[011] b) L ;
OF Mo gy that ordered epitaxial F&00 films can be grown on
0 50 100 150 INAs(100) at room temperature. The observed gradual disap-

pearance of the substrate LEED pattern during the early
stage of iron deposition reflects the initial island growth be-
FIG. 7. Temperature dependence@fthe coercive field.and ~ fore continuous films are formed, which has also been ob-
(b) the exchange bias field,, of epitaxial Ag(1 nm)/Fe (3.8 nm/  served directly by scanning tunneling microscagyrM).**?
InAs(100) measured frm 5 K to 300 Kafter cooling in an applied The remaining finite spot size of the LEED pattern observed
field of +350 Oe from 300 K to 5 K. The inset ¢b) shows the also for Fe layer thicknesses of more than 10 nm indicates,

temperature [K]

data on a logarithmic scale. however, a somewhat granular structure of the deposited Fe
films.
With increasing temperature, the exchange bigs as Corresponding XPS data recorded immediately after ini-

well as the asymmetry in the hysteresis shape decisase tial iron deposition reveal the appearance of a new arsenide
Figs. @a—d] and disappear at about 30 K, while the coercivespecies with a characteristic Agtdinding energy shifted by
field H, vanishes at a temperature of about 150 K. The deabout+1.5 eV compared to the clean InAs. This new peak
tailed temperature dependence lof and H, are given in  is assigned to iron arsenide (fe,). While the intensity of
Figs. 1a) and 7b), respectively. the InAs As-31 peak decreased with increasing Fe film
In Fig. 8, magnetic hysteresis loops measuredl i after  thickness, the Fé&s, As-3d line revealed an almost constant
cooling in differently in-plane oriented applied fields are intensity. This is an important observation that strongly indi-
shown. WhileH(T) is nearly independent of the cooling cates that the iron arsenide layer is floating on top of the Fe
field orientation with respect to film crystal axes(T) and  film. Considering their relative atomic sensitivitié$>and a
the shape of hysteresis exhibits an in-plane anisotfghy mean free path of abouth=13.6 A for the Fe-p
Figs. §a,b]. Hysteresis loops taken after cooling in applied photoelectroné® the quantitative analysis of the relative in-
tensities of As-8 and Fe-? lines obtained for a 12-nm-
thick Fe film yields an effective thickness for the iron ars-

1 1 =z . :
. a) J/'f",L c) m enide layer of about 2.3 Acorresponding to 1.6 ML The
& |01 | [017] o el fact that despite the presence of this additional surface ars-
g T=5K | OF=300K enide a distinct RA00) LEED pattern was observed, sug-
. ‘J/ sa;gfer gests that iron arsenide is present in form of islands. The
L H.=350 Oey _1 =222 "" preparation formation of iron arsenide was also observed upon iron
5 8 4 0 4 8 4 2 0o 2 4 deposition at low temperatures of 230 K. This is not surpris-
= 1b) - 1rd) ing if one takes into account the kinetic energy of the im-
N 4 1.and 2, cycle pinging Fe atoms released from the hot evaporator source.
e oA ol /3 [011] The present observation of a surface-related iron arsenide
g T8k ¥ N Te5K layer and its effective thickness is in close agreement with
; ]
= A A1 =350 0 // _ the findings of a previous study by Teodurestal 1 We
i e 08 Fi350 Ge te that their conclusion, h lely based on th
i 4 5 a0 % note that their conclusion, however, was solely based on the
applied field [kOe] applied field [kOe] difference in the attenuation of the indium and arsenide core-

level intensities through the Fe film while they did not dis-
FIG. 8. Magnetic hysteresis loops of a 3.9-nm Fe fim ontinguish in their analysis between iron arsenide and arsenic
INAs(100) capped by 1-nm Ag(a) Measured at 5 K after cooling in  released from the InAs substrate. This is, however, of rel-
an applied in-plane field4 350 Oe) along thg011] direction and ~ €vance as demonstrated by our temperature-dependent XPS
(b) along the[011] direction. (c) Measured at 300 K directly after Measurements that revealed in addition to a slightly increas-
sample fabrication and several weeks lateample ageing (d)  ing iron arsenide signal a pronounced increase of the main
Training effect: comparison of magnetic hysteresis loops measure@s-3d signal with increasing annealing temperat(shown
as in(b) for the 1 and 2 hysteresis cycles. in Fig. 3. Generally, the main As@ signal at Eg
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=41.2 eV can originate either from the InAs substrate ortected against oxidation by thick Ag cap layers. Hence, it
from released metallic arsenic that has almost the same bin@ppears that for nonoxidized epitaxial Fe films on InAs, non-
ing energy. In the first case, the observed intensity increaseollinear magnetic coupling does not exist at the Fe/InAs and
would imply a change in the Fe film topography upon heatthe Fe/Ag interfaces. Accordingly, this finding is supported
ing, such as the formation of islands that effectively reduceby the results of a chemical analysis where no signature of an
the attenuation of the substrate photoelectrons. However, thise-As phase at the ferromagnet-semiconductor interface is
can be effectively ruled out since at the same time the indiunfiound which could incorporate antiferromagnetic spin struc-
signal of the substrate remains nearly constant, and thusire unfavorable for spin injectioricf. antiferromagnetic
rather suggests a thermally activated diffusion of the volatilebulk Fe,As with Ty~353 K).2’ Thus, based on these mag-
As from the substrate to the Fe film surface. Such a diffusiometometric results together with the outcome of the UHV
through the Fe film is presumably made possible by itsgrowth studies, we find no objections against the Fe/InAs
granular structure, of which grain boundaries provide effecheterostructure  for  spin  electronic  ferromagnet-
tive diffusion channels. semiconductor devices.

As regards the indium in addition to an almost exponen- For spin electronic applications, microscale or even
tial intensity decrease, a small shift in the Id-8ore level of  nanoscale patterning of suitable heterostructures plays a ma-
about 0.8 eV towards smaller binding energies was observedr role?® Therefore we investigated further the influence of
in the XPS measurements upon iron deposition. The lowapping layers that protect Fe/InAs films only partially
intensity, however, did not allow for a more quantitative peakagainst oxidation. At the edges of Fe microstructures
analysis such as a peak decomposition. A similar shift hasr nanostructures where the capping layer might be missing
been reported by Schieffaat al. for the In-4d levef! that  or reduced in thickness, a non-negligible influence on
was studied by ultraviolet photoemission spectroscopy. Inithe magnetic properties is to be expected by partial oxidation
tially, they observed a small increase of the lth-Binding  especially for nanoscale devices. On the basis of our
energy of about 0.1 eV for submonolayer iron coveragechemical analysigFig. 5 proving partial oxidation of an
which they attributed to a band bending at the substrate suepitaxial Fe film on InAs, we attribute the observed
face. Upon further deposition, they measured a continuousxchange-bias effects in magnetic hysteresis to antiferromag-
reduction of the binding energy for this level, which netic and/or ferrimagnetic Fe-O phases, such as FefsFe
amounted to about 0.5 eV for a 32-ML Fe film. According to or FgO,. This conclusion is supported by the finding
Schieffer et al. this shift is caused by indium atoms that of purely ferromagnetic behavior of nonoxidized Fe films
are segregated or dissolved in the Fe film. Whereas generall¥ig. 4(b)].
such peak shifts on metal/semiconductor interfaces can Normally, when a conventional antiferromagnetiF)—
also be caused by changes in the corresponding Fernfiérromagnetic(FM) bilayer is cooled below the AF &
level or the local work function, similar effects were not temperatureTy in the presence of a magnetic field larger
observed for the core levels of arsenic or iron, and hencehan the saturation field of the ferromagnet, the interfacial
support the above interpretation. It should also be noteghteractions between the two materials will induce an unidi-
that Teodorescet al. did not observe such a peak shift for rectional exchange anisotropy that shifts the magnetic hys-
the In-3d level in their growth study® This might be ex- teresis loops of the ferromagnet away from the zero-field
plained by small variations of the indium concentration ofaxis?®~3! The magnitude of this displacement is usually re-
the InAs surface, which depends very critically on the actuaferred to as the exchange bibs, which can be defined as
preparation since indium tends to form metallic clusters at- (Hq+ Hign)/2, whereHeq and Hygy are the external
the surface. fields at zero magnetization. In addition to the shift of the

In summary, the formation of a surface-related iron arshysteresis loop, the coercivity .= — (Hjeq— Hyign) /2 is al-
enide species in combination with the arsenic impoverishways found to be enhanced compared to that of a single FM
ment of thec(8x2)/(4x2)-reconstructed InNA400 sur- Jayer. In an extended exchange-biased FM film, the magne-
face lead to the conclusion that the Fe films actually form anization reversal is mainly controlled by the interfacial ex-
In/Fe interface. Taking further into account that the first ironchange coupling between the AF and FM layers. The
layers have a granular structure, a certain amount of segrénterfacial exchange anisotropy energy per unit area is com-
gation is not unlikely. monly given by c=HM (cf. Ref. 31, and references

therein, where Mg denotes the saturation magnetization
) , and t the film thickness of the FM layer. WittM =1.2
B. Magnetic properties % 10° emu/cnd, t=3.9 nm, and the extrapolated valuettf

The measured ferromagnetic behavior of nonoxidized thif5 K) ~700 Oe, this relation yields (5 K) ~0.33 erg/cr,
epitaxial Fe films on INAGOO) at room temperature pre- which corresponds to reported orders of magnitude
sented here compare well with those of other wdrk& 131> (0.01-3.5 erg/c) for many AF/FM systemd' The
In view of a possible noncollinear spin structure at the Feblocking temperatureTg below which an exchange bias
InAs interface, our work includes additionally studies onoccurs, must not necessarily coincide with but gives a lower
thermomagnetic irreversibilities by recording also low- limit of Ty .3
temperature magnetic hysteresis after cooling in an applied Apparently, two different mechanisms contribute to the
field. No thermomagnetic irreversibilities such as hysteresisemperature dependence of the coercive fi¢ldT), one of
asymmetry were found for Fe films that were effectively pro-which incorporating a maximum & .(T) at about 30 K and
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the other showing an exponential decrease. The anticipated V. CONCLUSIONS
maximum ofH(T) at 30 K coincides with the disappear- In summary, structural and chemical properties of epitax-
ance of the exchange-bias field. Such behavior is often ob- ary, prop ! P
. lal Fe(100 films grown on InA$100) were characterized and

served for FM/AF bilayers for temperatures at and below : . ; ; .

. L . . correlated with their magnetic properties obtained by
Ts, and is thought to provide important information on thevariable-tem eraturex situSQUID measurements. The ini-
fundamental origin of the exchange bia$é Refs. 31,32, and b '

references thereinAn exponential decrease f,(T) finds tial deposition of iron leads to the formation of a thin iron
an explanation in increasped domain-wall mobilict b thermalarsenide layer that stays at the surface also after additional Fe
activaEt)ion y by deposition. Corresponding SQUID measurements have

The temperature dependence of the exchangeHbiéE) shown that such an arsenide film on top of the iron film does

resented cF))n alo -Iinegr scdld, inset of Fi '(b)g]] implies not affect the overall ferromagnetic behavior, which indicates

P . 9 C 9. P collinear spin ordering at the substrate interface, from
an exponential decrease, as possible for an ensemble of A

clusters with a cluster size distribution whose magnetic or- hich we may infer that the spin order at the interface is
; ) o mag suitable for spin electronic devices. Moreover, the present
dering will decrease by thermal activation. Training effects

are indicative of domain formation and domain-wall pinning study points out the importance of a complete capping of the

) . . Fel/lnAs interface since partial oxidation causes magnetic

Icno;{)rlli?l Ali:n?asl’%zlgﬁ'e%?]élgze thhyeStrifer;tliocoﬁzrgag[%g:aﬁer pinning on the upper surface of the ferromagnetic contact
9 PPl 9 9 X . electrode that introduces an exchange bias and strongly

show a hysteresis asymmetry not only as a shift on the fiel odifies the maanetic properties

axis but also in hysteresis shafiéig. 8(b)], which rather Finally, we ngte thaF; sFi)miIar io Fel/lnAs, the magnetic

implies two mechanisms taking part in magnetization rever- 7 : S

saﬁ This is mainly accounted t%) F’ihe ongoir?g oxidatiéiy. properties of Fe/GaAs were extensively investigated at room

: ; temperaturé;** but little is known about the low-temperature
ggc)] that affects all measurements but the first ofeésFig. behavior that could provide further insight into the spin

The observed effects of partially oxidized thin epitaxial structure at the interface. Low-temperature magnetization
P y P rpeasurements after field cooling could be employed here

Fe films have a direct bearing on the magnetization reVerSaliso as a sensitive tool in search for noncollinear magnetic
in nanoscale patterned Fe layers with a lateral size belo‘@oupling due to interfacial mixing

0.5 um, as regarded preferably for single-domain contacts.
Exchange-bias effects due to insufficient capping are dis-
cussed to influence the magnetization reversal in the sense
that it is not anymore governed by coherent rotafioRur- This work was supported by the Deutsche Forschungsge-
thermore, coercive fields are increased, domain-wall pinningneinschaf{SFB491, TP A3 and B2 The use of the SQUID

at the FM/AF interface can contribute to anisotropic magnemagetometer provided through the SFB491 is acknowledged.
toresistance, and an increased number of domain walls iEhe authors are also grateful to Professor R. Szafgki
expected to decrease the signal-to-noise ratio in magnerersity Leipzig for providing XPS data on iron arsenide
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