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D-47048 Duisburg, Germany

(Received 18 December 2002; accepted 4 June)2003

Antiferromagnetic FeSi§001) thin films with different thicknesses and relatively low eNe
temperatures were grown on InSb(001X2) surfaces by molecular-beam epitaxy. ThéeNe
temperature could be increased to above room temperature by subsequent thermal aimsiling.
structural characterization was performed by high- and low-energy electron diffraction. The degree
of the structural(001) texture as a function of the preparation and annealing conditions was
investigated by x-ray diffractometry. The local magnetic properties and the spin structure were
studied using’Fe conversion electron sbauer spectroscop@EMS) at different temperatures.

The epitaxial FeS;{001) thin films exhibit in-plane Fe spin orientation and appear to be suitable
antiferromagnets for studying the interfacial spin structure in exchange-biased bilayers by CEMS.
© 2003 American Institute of PhysicgDOI: 10.1063/1.1595144

I. INTRODUCTION perfine fields in order to resolve properly the nuclear Zeeman
sextet and the line intensity ratios in the dbauer spectra.
Pinning effects at the interface of magnetic bilayer sys-Moreover, in order to promote theoretical simulations, the
tems with different magnetic anisotropies lead to interestingnterfacial spin structure should be obtained on structurally
physical phenomena. Between them, the exchange-bias &fimple systems, preferentially on epitaxially grown thin
fect has found important applications, especially in Spinijjms. Due to the shape anisotropy, the spins of the FM layer
valve devices*This phenomenon is related to the unidirec- are expected to lie in the film plane and, therefore, it is the

tional anisotropy induced at the interface between a soffyierfacial spin structure of the AF thin film that is of crucial
ferromagnetidFM) and an antiferromagneti\F) material  j55rtance for calculating the exchange bias phenomena in
with high magnetic anisotropy, when the system is prepareg

) L . ) PY “Yeal systems.
in a magnetic field or cooled in an applied magnetic field The intermetallic compound FeSiis an AF material
through the Nel temperaturdl of the AF phase. Although

. . . U with a Neel temperature of about 378 K in the bulk. Exten-
the effect was discovered in 198@s microscopic origin has . . . . .
sive Massbauer studies have been carried out on this

not yet been fully understood. The available theoretical mod- 5-18 . . N .
) . . . compound>~*8because it contains two dsbauer isotopes
els differ substantially depending on the assumed interfacials, 1 ; . _
Fe and''®Sn) and is suitable for studying the transferred

spin structuré1° Therefore, the knowledge of the real spin o :
structure at the FM/AF interface becomes a very importanpyperflne fields at the Sn atoms. Accordingly, e hyper-

issue for understanding the microscopic mechanism of thdN€ Magnetic fieldy is known to be about 15 T at 80 K and
exchange-bias effect. 11 T at room temperature. The antiferromagnetic FeSn
Méssbauer spectroscopy is a powerful method for studyPhaseé shows a tetragonal structfir¢D,,, space group
ing the spin structure at the interface on an atomic scale ih4/mcm a=0.653 nm ancc=0.532 nm), and ita param-
connection with the local crystallographic structure and Sym_eter matches well with the lattice parameter of the cubic InSb
metry. In iron containing thin films, this information can be crystal (T, space groug=43m, a=0.647 nm). Results on
obtained with high depth selectivity by usifiFe conversion the magnetic structure in “pseudo-single-crystals” of FeSn
electron Mmsbauer spectroscogCEMS), combined with ~ obtained by neutron diffraction, magnetometry, andssto
the tracer layer technique, which is based on isotopicallpauer spectroscopy have been reported by Ventetiai.*®
enriched®’Fe probe layergresolution limit of a few atomic  They found that a second magnetic transition occurs at a
layery artificially placed at the interface or at different temperaturel, of about 93 K. BetweeTy and T;, the AF
depths in a filmt*~**The only limitation for a suitable study spin structure is collinear, with the Fe spin direction in the
of the Fe spin structure is that the analyzed system shoul02) plane along the axis, that is, alond100] directions.
contain Fe atoms with reasonably large magnetic moment&elow T,, the spin structure becomes noncollinear antiferro-
giving rise to high enough magnitudes of the magnetic hy-magnetic, with the Fe magnetic moments forming a canted
structure(20° aperturalong the[110] directions. Due to the
Ipermanent address: National Institute for Physics of Materials, P.O. BoYVell-resolved Massbauer sextet, the convenienteNeem-
b)MG 7, 76900 Bucharest-Magurele, Romania. _ ~perature, and its interesting magnetic properties, Fe&s
Permanent_address: Department of Materials Science and Engineeringhgsen by us as a proper AF film for the purpose of studying
Nagoya University, Nagoya, Japan. . . . . . .
the interfacial spin structure in exchange-biased bilayer sys-

9Author to whom correspondence should be addressed; electronic mai
keune@uni-duisburg.de tems.
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In this respect, the present work concentrates on detailthicknesseg between 15 and 100 nm were finally covered
of the preparation conditions and the complex structural anevith a 5-nm-thick Sn cap layer for protection. Table | gives
local magnetic properties of epitaxial thin films of the code, film-growth temperature, and tot4feSn /FeSn
FeSp(001) on InSK001). There are many growth param- film thickness of the different samples.
eters influencing the structural and magnetic properties of The surface structure of all Festhin films has been
FeSn thin films, for example, the state of the substrate surcontrolled during growth by RHEED with the electron beam
face, the growth and annealing temperature, the annealind0 keV; 20uA) incident at about 3° relative to the sample
time, and the film thickness. We present an extensive inveplane and along thg110] azimuthal direction of the
tigation of various samples prepared under different conditnSb(001) substrate. For samples A and B, the RHEED pat-
tions in order to establish the optimum preparation conditerns appearing on the phosphor screen were recorded every
tions for epitaxial AF FeSnfilms with Ty values tuned to be few seconds in real time during the growth process by a
appropriate for exchange-bias phenomena. Results on tHeCD camera connected to a computer for data storage and
exchange-bias system Fe/Fg@01) will be reported image processing. Independentimages were also taken in the

elsewhere?® later stages of growth.
Subsequenin situ annealing treatments at temperatures
1. EXPERIMENTAL PROCEDURE ranging from 250 to 350 °C were performed in UHV on the

hin films h b as-grown filmgsamples C, D, E, and)For different anneal-
AF FeSp(001) thin films have been grown on commer- ing times. The film structure after annealing was monitored

cial InSHOOD) wafers k,)y mol_ecular-beam epitaxivBE). by LEED and RHEED. LEED images on both as-grown and
The substrates were rinsed in acetone and subsequently I .04 fiims could only be obtained at 150 K, because of
ethanol, just before loading into the UHV chamber. Subsefhe low Debye—Waller factor of FeSmt RT

quently, they were cleaned by sputtering with low-energy Ar 57TFe Mossbaue{CEMS) spectra were measured at RT

|ofns (ion energy, Cé" rent densnx,sand argon part'lal pressur%lsing a He/CH-filled proportional counter. Low-temperature
of 500 eV, 1uA/cm”, and 5.5¢10"° mbar, respectivelyfor CEMS spectra were recorded by using a channeltron detector

90 min at a temperature Of_ 200°C followed by ann_ealing_ Torthat was mounted together with the sample in the evacuated
10-12 h at 350 °C. After this treatment, no surface impuritieS.q ool tube of a liquid-He bath cryostat. ®Co-in-Rh

were dete_cted _by Auger electron spectroscopy. Low-energy, rce was used. The incideptadiation was perpendicular
electron diffraction(LEED) as well as reflection high-energy to the sample surface. For the least-squares fitting of the

electron diffraction(RHEED) images of the clean substrate CEMS spectra, theloRMOS computer program by BraAd
proved that the surface was flat and well ordered, with a HNas used '

X 2) reconstructior(see subsequent discussion
The FeSa thin films were deposited by co-evaporation
of high-purity Fe(99.9985 at. %and Sn(99.995 at. %from Il RESULTS AND DISCUSSION
two independently controlled Knudsen cells at a pressure of .
8x107° mbar during deposition(base pressure of 3 A- Filmsinthe as-grown state
X 10 '% mbar), with a deposition rate of 0.180 nm/min for ; <y .crural investigations

Fe and 0.822 nm/min for Sn. The evaporation rates were
monitored with calibrated quartz-crystal microbalances.  1he RHEED pattern of a clean In@l91) substrate taken

These rates determined the nominal composition of th&!ong the[110] azimuth shows, in addition to the fundamen-
FeSn samples. Different substrate temperatufgsduring tal reflect_lons,_ the typical streaks of the fourfold surfac_e re-
growth in the range between 25 and 350°C were usedconstruction(Fig. 1, top.The_(4><2) surf_ace reconstruction
Tracer layers of’FeSn (95% enriched iff’Fe) 5- to 15-nm- of the substtrate was als_o directly conflrmed_by LEE@t
thick were deposited onto the surface of the Felgers of ~ Shown. Typical RHEED images of Fegrthin films of dif-
natural isotopic compositiof~2% for 5Fe) in order to ana- ferent thicknesses and grown on 11i801) at about 250°C
lyze the interfacial phase composition and spin structure b® Presented in Fig. 1, left-hand side. The corresponding

ex situS’Fe CEMS. Thé’FeSn /FeSn structures with total  INtensity profiles measured along the horizoritednsversg
direction ink-space are shown in Fig. 1, right-hand side. It

was observed that during the initial stage of growth (
TABLE I. Sample code, growth temperatufg and total®’FeSp/FeSp < 0.1 nm) the surface structure of the substrate is preserved,
film thicknesst of samples. with the same RHEED pattern typical for a fourfold surface
Sample T, (°C) Thicknesst (nm) reconstructionFig. 1, second from top After deposition qf
only 0.32 nm of FeSp the fourfold surface reconstruction

A 250 max. 2.7 transforms into a fundamental diffuse pattéfig. 1, third

B 250 max. 2.75 . .

c 200 100 from top), followed in short time (>~ 0.6 nm) by a twofold

D 250 30 surface reconstructioffig. 1, bottom. The latter is retained
E/(polycr) 25 15 up to the final stages of growth of the FeSthin films.

F 250 30 Further, it was observed that the initially long streaks trans-

S" fgg ;g form into spots for thicknesses higher than 2 monolayers

| 300 15 (ML), demonstrating three-dimension&BD) growth of

FeSn islands.
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FIG. 1. Typical RHEED patterngalong the[110] azimuthal direction of %Fli ®B
InSb) of FeS(001) thin films grown at 250 °C on In8B01). The images —~ 0584 %
correspond to the following film thicknesses: clean I(@8K) surface(top), £
0.10 nm(second from top 0.32 nm(third from top, and 0.66 nnibottom). 5 i)
Right-hand side: corresponding transversal intensity profiles. Electron en- 0.56+
ergy: 10 keV. 056 ° . .
. . . . 0.52 T Y T
This aspect is also observed in the evolution of the Y 5 10 15 20
(specular RHEED intensity of the(0,0) streak[Fig. 2(a)] film thickness (nm )

measured in detail on two different samp[egmples A and FIG. 2. (a) RHEED intensity of the(0,00 specular reflection during the

B). Samples A and B were prepared under similar conditiongrowth at 250 °C of two Fe$(001) thin films (samples A and B respec-

at a growth temperature of about 250 °C in order to demontively). (b) In-plane lattice parameter of Fega01) thin films(samples A
strate the reproducibility of growth and structure by RHEED.and B, respective[ygs a function of coverage. The value Qf 0.647 nm for
After reaching a pronounced minimum at a thickness 01hulk InSb was considered as the reference substrate lattice parameter. The

” ) horizontal dotted line corresponds to the lattice paramatef the bulk
about 1 ML for both samples, the RHEED intensifyig. FeSn phase(c) Out-of-plane lattice parameter of Fe$001) thin films as

2(a)] shows only weak oscillations, indicating the absence o function of coverage. A value of 0.647 nm for bulk InSb was considered as
perfect layer-by-layer growth, but rather 3D island gI’OW'[h.the reference supstrate lattice parameter. The horizontal dotted line corre-
(The shift between the specular intensities of both sample&°nds to the latiice parameteof the bulk FeSp phase.

[Fig. 2(@] might be caused either by a difference in film

roughness and/or by a small misadjustment of the angle of

incidence of the RHEED beamAccordingly, the spotty simple relationship derived from the Bragg formuld
RHEED patterns obtained for films thicker than about 1 nm=(ks/k;)dg, with d; and dg the interplanar distances for
show intensity profile maxima along both the horizontal andfilm and substrate, respectively, akdandk the positions in
vertical directions in the&-space. A typical RHEED pattern k-space of the first-order diffraction spots relative to the
with its horizontal intensity profile is shown in Fig. (bot-  zero-order reflection for film and substrate, respectively, was
tom), and a RHEED pattern with its vertical intensity profile used.k; and ks were measured via the intensity profiles in
along the(0,0) streak is presented in Fig. 3. Under thesepixels. The evolution of the measuradandc lattice param-
conditions, both the in-plane and out-of-plane lattice parameters of samples A and B versus the film thickness is pre-
eters(a andc, respectively of the FeSa films relative to the  sented in Figs. @) and Zc), respectively. The reproducibil-
InSb substrate lattice parameter may be calculated. Thity is good. A lattice parameter of 0.647 nm was assumed for
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FIG. 3. RHEED patterrfalong the[110] azimuthal direction of InSbof a &“«-O O-._“ )

2-nm-thick FeSp(001) film (sample B. Right-hand side: corresponding
vertical intensity profile along thé),0) spotty streak.

the InSb substrate. It is observed that the in-plane lattice
parametemr of the film increases by 10% relative to that of
InSb in the (1X 1) reconstruction regime, and subsequently,
in the usual (X2) reconstruction regime, decreases to a
constant value that is*1% higher than the value of the bulk
FeSn compound. The out-of-plane lattice parameieig.
2(c)] could be obtained only in the (22) reconstruction
regime, where 3D growth occurs;decreases strongly with
the coverage from a value of about 0.620 fetose to the
InSb lattice constantto a constant value of about 0.54 nm,
which is 2% higher than the value of the bulk FeSncom-
pound. The RHEED images obtained B{=200°C were
qualitatively similar to those af;=250 °C under otherwise
similar conditions.

Within the elementary cell of Fegnthe Fe atoms oc-

cupy the 4 (0, 0, 3) sites and the Sn atoms thé §x, 3

+x,0) sites. A value of about 0.16 is reportédor the re- 00

duced coordinates. A top view (along thec axis) of the unit

cell is sketched in Fig. 4. The LEED image at 54 eV obtained

at 150 K on a 30-nm-thickas-grown FeSn film (sample D o O

is presented in the middle of Fig. 4. The LEED pattern is

schematically illustrated in Fig. 4. It is concluded from the o)

LEED pattern that in reciprocal space the Fe reflections ap- Po) ®

pear at a smaller distance from the symmetry center as com-

pared to the Sn reflections, as expected from the atomic po- o O

sitions in real space. However, the angular separation of the

pair of Sn reflections in reciprocal space appears to be lower

than in the ideal compound. Indeed, by elementary geometri- 00

cal considerations ar value of only 0.121) was deduced

from the LEED pattern for the reduced coordinate, instead of!C: 4. Top view onto thé001) plane of the FeSnunit cell (top). Middle:

0.16, as reported for the bulk FeSgompound. LoD 2 S ek sample rour
The 6-26 x-ray diffraction (XRD) diagrams of the as-

grown FeSn films indicate a high crystallographic texture

along thec axis (perpendicular to th€001) film plane. Fig-  small outer area of pure Sn and bcc Fe, respectively. It is

ure 5 exhibits the diffraction patterns of the I(801) sub-  known that Sn grows on the In8I01) substrate as epitaxial

strate and of two epitaxial®’FeSp/FeSp thin fims  a-Sn001) (cubic, a=0.649 nm)?1?2 whereas the Sn cap

(samples C and D, respectivglyoth grown afTs=200°C, layer is expected to consist of polycrystallifeSn (tetrago-

but with different thicknesse§able I). The Miller indices of nal,a=0.583 nm,c=0.318 nm). The polycrystalline metal-

the most prominent peak are indicated in the same figure. Alic Fe should give a negligible contribution to the diffraction

this point, it is worth mentioning that the two molecular pattern due to the cumulative effect of both, the very small

beams (FeSnis obtained by co-evaporation of Fe and Snarea and randomly oriented reflection planes. Indeed, bcc Fe

from two independent evaporation sourcase not perfectly reflections have not been detected.

parallel, and the two deposited areas on the substrate are not As observed in Fig. 5, the strong diffraction peaks at

completely congruent. Consequently, the deposited thin filmgbout 57° and 27° correspond to the reflection of the

contain, except in the completely overlapping area, also &Sh400 and (200) planes. For the thin film of 100-nm

00
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FIG. 5. Typical 6—20 XRD patterns for two FeSnthin films of different FIG. 6. 6—20 XRD patterns of FeSnthin films grown at different substrate

thicknesses t(=100 nm for sample C ant=30 nm for sample } both temperatures on In$0D), for clean InSK001), and samples @olycr), H,

grown at 200°C on InSP01). The diffraction pattern of the clean D. G, and I(from top to bottom, respectively Cu K, radiation.
INS(001) wafer is shown as a reference. The Miller indices of the most
prominent peaks are presented as bar diagrams ((adiation).

lar to the film surface[In the case oR>10 (see later, the
degree of texture is higher than 98.6% this respect, the
texture effects in different samples will be analyzed mainly
via the evolution of the two peak intensities at 34° and 35°.
XRD patterns of various filmgsamples Epolycr,), H, D,
65, and | with thicknesses between 15 and 30 nm and
grown at different substrate temperatures are shown in Fig.
6. A weak and broad21l) diffraction peak at 2~35° is
eFr)resent for the sample grown at 25 t€ample B, providing
eVidence for a mainly polycrystalline FeSphase. For a
substrate temperature of 150 °C, tf@2) peak at 34° be-
comes already more pronounced than (d&l) peak at 35°,
but a certain amount of polycrystalline phase is still present.
aking into account the logarithmic intensity scale in Fig. 6,
ilms grown at temperatures higher than 200 °C show very
strong structural texture of more than 98.6% with thaxis
along the film normal directionR>10), proving(together
with the RHEED and LEED patterpghat good epitaxial
growth of the FeSnphase is achieved. It is worth mention-
ing that the RHEED pattern of sample H&25°Ct

thickness(sample @, additional strong diffraction peaks at
about 34°[corresponding to the Fegi002) reflectior} and
70° [corresponding to the Fegi904) reflectior as well as
at about 399 corresponding to the-Sn220) reflection are
observed in Fig. 5. The less pronounced peaks at about 3
and 44° belong to th@-Sn phase, and the weak peak at 35°
to the (211) reflection of FeSy. For the thinner sample D
(t=30nm), the same Bragg peaks are detected; howev
the intensity of thew- and B-Sn reflections now becomes
comparable to the intensity of the FeSeflections. Special
attention should be paid to tH802 and(211) peaks at 34°
and 35°, respectively, belonging to the Fephase, because
there is no other additional phase producing an XRD sign
in this angular interval. In a polycrystalline FeSrhase with

a reduced coordinatein the unit cell that ranges from 0.12
to 0.16, the intensity of th€D02) peak is about seven times
lower than the intensity of th€211) peak. In a perfectly
epitaxial(001)-oriented film, the211) peak should give zero
intensity. Therefore, the intensity rati®=1looz/|211, gives —_% ¢ nm) has shown, instead of the dotty streaks, smooth
valuable information about the degree of texture in the fllmD bve—Sch diffraction ri woical f | ali
along the film normal direction. This ratio has to increase ebye—scherrer difiraction rings, typical for polycrystafline
drastically from a minimum value of 140.14 for a fully samples.

polycrystalline thin film to a very high value, corresponding

to a sharply textured films. In the present case, the observ
values of R>5 correspond to a ratidNgy,/N,q11 Of the
amountNgq, of favorably oriented002) planes(parallel to MossbaueCEMS) spectra of the as-grown sample D
the sample surfagao the amouniN,,; of randomly oriented (T,=200°Ct=30 nm), taken at different temperatures, are
(002 planes of Ngg2/N»11>5/0.14=36. In other words, presented in Fig. 7. The sextets have been fitted with a dis-
[Nooz— N211]/Ngg2>0.97, or more than 97% of the€d02  tribution of hyperfine fieldsP(By). At 80 K, the spectrum
planes are favorably oriented. Obviously there is a high deeonsists of a Zeeman-split magnetic sextet with a measured
gree of more than 97% of texture with tb@xes perpendicu- peak hyperfine fieldB,; of 15.01) T and an isomer shift

e . . L
g Mossbauer investigations
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FIG. 7. Mdssbauer (CEMS) spectra of sample D “as-grown” T
=200 °Ct=30 nm) taken at different temperatures. Right-hand side: cor-
responding hyperfine field distributionB(B).
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FIG. 8. RT Massbauer spectra and corresponding hyperfine field distribu-
tions for “as-grown” samples with different thicknesse&rom top to bot-

. . tom): sample D =30nmT,=200°C), sample C tE100 nmTg
(relative to bcc Fe at RiTof about+0.5 mm/s, in agreement —200°C), sample G t&15nmT.=250°C), sample F te30 nmT.

with the spectral parameters of the AF Fe$imase at low =250 °c), and sample Epolycr) (t=15 nmT.=25 °C). Bottom: sample
temperature, reported earlfér® By increasing the measure- E (polycr) measured at 90 K.
ment temperature, the magnitude Bf; decreases rapidly,
and the spectrum of sample D at RT collapses to a paramag-
netic singlet(isomer shift+0.401) mm/s, linewidth 0.36L) [sample Epolycr)]; (i) linewidth 0.461) mm/s(sample F,
mm/9. A Neel temperature of about 2B6ID) K may be esti- 0.361) mm/s (sample G, and 0.521) mm/s [sample
mated from the temperature dependence of the hyperfinE(polycr)]. Additional traces of bcc Fe as an artifact are
field of sample D. The relatively low ¢ temperature of evident in the Masbauer spectrum of sample (Eig. 8),
this film may be related to either a finite thickness effectarising as an artifact from the nonoverlapping outer area of
and/or to structural effects, such as deviations from stoichithe co-evaporated molecular beams on the substrair
ometry and from perfect chemical ordering, indicating Fepar. A Neel temperature above RT is evident for sample C,
and Sn atomic site disorder. andTy values lower than RT result for samples D, F, G, and
Additional Moassbauer experiments on epitaxial FeSn E(polycr). Accordingly, considering the influence of the film
films grown under similar conditions, but with different thickness at the same growth temperature, sampleTC (
thicknesses, were performed in order to elucidate this aspect 200 °Ct=100 nm) with the larger thickness exhibits a
This concerns in particular the pair of samples C, D. The RThigher Nel temperature than the thinner sample Dy (
Mossbauer spectra taken on samples D,=200°Ct =200°Ct=30 nm). ApparentlyT, increases with the total
=30nm), C (,=200°C{=100nm), G {[,=250°Ct °’FeSp/FeSn layer thicknesd. From the larger linewidth
=15nm), F Ts=250°Ct=30nm), and Boolycr) (Ts of 0.881) mm/s at 90 K as compared to 0(32mm/s at 295
=25°Ct=15nm) are shown in Fig. 8. The thicker film K (RT), a low Nesl temperature around 90 K is estimated for
(sample @ shows a spectrum in the transition region from 15-nm-thick polycrystalline >’FeSp/FeSn (sample B
antiferromagnetism to paramagnetism, whereas for the thingrown at a 25 °C.
ner samples D, F, G, and(jolycr.), the magnetic patterns Generally, a reduction of the magnetic ordering tempera-
are collapsed to a single line, with a narrower linewidth forture (relative to its bulk valugwith decreasing film thickness
the thinnest film(sample G. The spectral parameters of the (finite size effect is expected from theoretical
singlets at RT are as followsi) isomer shift+0.401) mm/s  consideration&® In fact, a drastic finite size effect below 100
(sample F, +0.381) mm/s(sample G, and+0.341) mm/s nm thickness was reported for metallic spin-glass thin
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FIG. 9. RT Massbhauer spectra of samples E;£25°Ct=15nm), D
(Ts=200°Ct=30nm), and C Ts=200°Ct=100 nm) after isothermal
annealing at a temperature of 350 °C for different annealing tif8@s90,
and 100 min, respectively

200 mi

log (count rate/s™!)

films,2* which are characterized by competing long-range
FM and AF interactions. Since Fesis also metallic system
(possibly with long-range AF interactionsour observation
of a Ty reduction with decreasing film thickness is not sur-

prising_ 1 1 1 1 1 1 1 1 1 1 1
The line intensity ratio of the’FeSp-Zeeman sextet 20 30 40 50 60 70 80
was found to be 3:4:1:1:4:3 from the least-squares fitting of 201[]

the spectra in Figs. 7 and 8. This demonstrates that the Fe
spins in the 5- to 15-nm-thick’FeSn top layers of the dif- FIG. 10. (a) XRD patterns of sample CT(=200 °Ct=100 nm) after iso-

: : . _thermal annealing at a temperature of 350 °C for different annealing times.
ferent samples are oriented in t(@0Y) film plane, as ex (b) XRD patterns of sample FT=250 °Ct=30 nm) after isothermal an-

pected from the compensated AF Fe spin structure of thﬁ'ealing at 300 °C for different annealing times. 902 and (211) reflec-
bulk FeSp(001) surface. tions lie between the two dotted vertical lines.

B. Films after thermal annealing

Since in exchange-bias bilayer systems, AF thin filmsThe magnetic sextet with a hyperfine field of 1Q)5T, an
with thicknesses of tenths of nanometers anéINempera- isomer shift of+0.401) mm/s, and a line intensity ratio of
tures higher than RT are of interest, we considered the po$:4:1:1:4:3 indicates the presence of a ordered stoichiometric
sibility of increasingTy of the epitaxial Fe){001) thin  FeSp phase with a Nel temperature well above RT and
films by suitable thermal annealing. RT &&bauer spectra of in-plane oriented Fe spins. However, the degree of atomic
samples E, D, and C after isothermal annealing at 350 °@isorder between the Fe and Sn sites appears to be not com-
under UHV conditions for different annealing times are pre-pletely removed by the thermal treatments, because the weak
sented in Fig. 9. They consist of a dominant magnetic sextgtaramagnetid¢centra) singlet component in the Msbauer
superimposed to a less intense paramagnetic central singlspectra, with an isomer shift of0.342) mm/s and a line-
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— 1 T T T T T T 1 IV. CONCLUSION

F-0 min

5’FeSn /FeSn(001) thin films with total thicknesses
ranging from 15 to 100 nm and covered by a 5-nm-thick Sn
cap layer have been epitaxially grown on clean I{@8h)
substrates by MBE. Tracer layers 8FeSp(001) 5- to 15-
nm-thick on top of the natural Fegi®01) films were usually
included in order to perforr’Fe CEMS measurements. Dif-
ferent substrate temperatures were used during the deposition
process.

The film epitaxy was studied bin situ RHEED and
LEED, andex situXRD. Good epitaxial films were obtained
for growth temperatures higher than 150 °C and lower than
300 °C, for all the considered thicknesses. The in-plane lat-
tice parametefrelative to that of the InSB01) substraté of
the FeSp(001) overlayer as a function of coverage increases
initially by 10% and subsequently decreases and saturates at
an only 2% higher value. The out-of-plane lattice parameter
of the film c decreases continuously from an initial value
close to that of InSn to a value approaching ¢halue of the
bulk FeSp phase. A value of 0.12 was deduced from the
LEED patterns for the reduced atomic coordinaten the
FeSn unit cell.

The relatively low Nel temperature found for the as-
grown epitaxial films is presumably due mainly to the atomic
site disorder, but finite thickness effects are also involved.
The correct occupation of the proper atomic sites can be
improved by suitable annealing treatments. The optimal ac-
_'4 L '2 L (') L +'2 L +'4 tivation energy for such a process corresponds to a tempera-

VELOCITY ( mm/s) ture between 300 and 350 °C. Higher temperatures destroy

the epitaxy, whereas lower temperatures are not efficient in
FIG. 11. Mdsbauer spectra of sample F.&250 °Cf=30 nm) after iso-  promoting FeSgtype atomic ordering. The Fe atomic mag-

thermal annealing at a temperature of 300 °C for different annealing timespetic moments are found to be oriented in the plane of the
Sn-coated FeSKH001) films. We conclude that epitaxial
FeSnp(001) thin films withTy above room temperature are

suitable antiferromagnets for investigating the interfacial

width ranging from 0.50 mm/gsample D to 0.80 mm/s  gnin structure in exchange-biased FM/FeBitayers by>’Fe
[sample Epolycr)], is still observed. The singlet presumably ~gums.

originates from Fe atoms in the rest of the chemically disor-

dered volume fraction. The higher the relative spectral area

of the magnetic sextet in the Msbauer spectrum, the higher

the degree of the correct atomic occupation at the Fe and SAﬁCKNOWLEDGMENTS
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