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Exchange-coupled Fe/FeSn,(001) bilayer systems consisting of a polycrystalline ferromagnetic Fe layer
grown on an epitaxial antiferromagnetic FeSn, layer have been prepared by molecular beam epitaxy and
investigated by 5TFe conversion electron Mdssbauer spectroscopy and superconducting quantum interference
device magnetometry. The systems show a significant exchange bias effect at low temperatures. Tracer layers
of >Fe (in the Fe layer) and 57FeSn2 (in the FeSn, layer) have been placed in the samples in order to probe the
spontaneous spin orientation at different distances from the Fe/FeSn, interface. The Fe spins in the ferromag-
netic layer are preferentially oriented in the interfacial plane. In as-prepared samples the presence of the Fe top
layer induces a striking out-of-plane component of the interfacial Fe spins in the antiferromagnetic FeSn, film.
This perpendicular component decreases in magnitude at a larger distance from the interface. A reorientation
transition from out-of-plane toward in-plane spin orientation was observed in the interfacial FeSn, layer with
increasing age of the sample. This effect is correlated with an increased magnitude of the exchange bias field

for the aged samples.
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I. INTRODUCTION

Exchange bias phenomena are related to the unidirec-
tional anisotropy induced at the interface between a soft fer-
romagnetic (F) and an antiferromagnetic (AF) material with
high magnetic anisotropy, when the system is cooled in an
applied magnetic field or in remanence through the Néel
temperature (Ty) of the AF phase, while the F phase is mag-
netically ordered.' The effect was discovered more than
four decades ago.* Recent applications, especially in spin-
valve type devices>'” have renewed the interest in the effect
and its underlying physics. Intensive experimental and theo-
retical work on exchange biased bilayers were performed in
the last decade, but the microscopic origin and the role of the
different parameters involved in the exchange bias mecha-
nism (magnetic anisotropy, interfacial roughness and spin
structure, magnetic domains, etc.) are still a topical
subject.!~>!"-2* Exchange bias phenomena are presently ex-
plained by a variety of possible coupling mechanisms.>!!-2*
Common to all microscopic models is the restrictive assump-
tion that the interfacial spin configuration in the AF part is
similar to its bulk spin structure. This may not be true due to
the reduced coordination and symmetry, roughness, micro-
structural changes, or lattice mismatch at the F/AF interface.
Therefore, the knowledge of the real spin structure at the
interface and its relation to the exchange bias field Hg or/and
the coercive field H is an important issue for the theoretical
description and for the prediction of the magnitude of the
exchange bias effect in real systems. In this respect, the real
orientation of the AF spins relative to the film plane (and
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implicitly relative to the F spins, which are supposed to show
in-plane orientation due to the shape anisotropy) should be
important for the various models. In the earlier model of
Meiklejohn and Bean*!'%!3 the exchange bias field is propor-
tional to the interaction strength at the F/AF interface, given
by the scalar product (SgX Ssp)=Sp X Sap cos a, with « the
angle between the interfacial ferromagnetic (Sg) and antifer-
romagnetic (Sxp) spins. In more advanced models, which
assume AF domain formation or random fields, Hg
~ (KnpAap)?cos a, with K, the anisotropy constant and
A p the exchange stiffness of the AF."!3 It may be seen that
in both cases the magnitude of Hg (experimentally obtained
by the shift of the hysteresis loop along the field axis from
the symmetrical position) scales with cos «, resulting in
symmetrical hysteresis loops (or Hg=0 Oe) for perpendicu-
lar orientation between F and AF spins (even when all the
other conditions inducing unidirectional anisotropy are ful-
filled). The temperature at which Hg becomes zero is called
the blocking temperature 7. For systems with very thin
films or small AF grains T is often smaller than Ty.!

Only a limited number of experimental techniques are
able to provide information on the spin structure in buried
magnetic interfaces, such as neutron diffraction®2® and
x-ray magnetic dichroism? (also in conjunction with photo-
emission electron microscopy.’*3!) Conversion electron
Mossbauer  spectroscopy (CEMS) is another powerful
method, suitable for the atomistic study of the interfacial
spin configuration via the nuclear Zeeman effect. Simulta-
neously, CEMS provides atomistic information about the lo-
cal structure and symmetry via electric hyperfine (hf) inter-
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TABLE 1. Nomenclature (label) and sample code of the samples investigated, their geometrical structure, growth temperature T of the

AF layer, and annealing temperature T, of the AF layer.

Sample label ~ Sample code FeSn,(001) Ts(°C) T,(°C)
AF(int)1 fs5 40 A Sn/50 A 3'FeSn,/350 A FeSn,/InSb(001) 250 350
AF(int)2 af4 30 A Sn/50 A >"FeSn,/200 A FeSn,/InSb(001) 200 350
AF(ctr) fs7 40 A Sn/175 A FeSn,/50 A “'FeSn,/175 A FeSn,/InSb(001) 250 350

Fe/FeSn,(001)
F/AF(int)1 fs4 40 A Sn/60 A Fe/50 A >"FeSn,/350 A FeSn,/InSb(001) 250 350
F/AF(int)2 fs12 40 A Sn/60 A Fe/40 A "FeSn,/240 A FeSn,/InSb(001) 250 Non-annealed

F(int)/AF(int) eb3 30 A Sn/48 A Fe/12 A “'Fe/50 A *'FeSn,/200 A FeSn,/InSb(001) 200 350

F/AF(ctr) fs6 40 A Sn/60 A Fe/175 A FeSn,/50 A “'FeSn,/175 A FeSn,/InSb(001) 250 350

actions. The information about the spin orientation and the
local magnetic interactions can be obtained with high depth
selectivity by using the >’Fe-isotope tracer layer technique,
where >’Fe-containing probe layers (enriched in the Mdss-
bauer active isotope °’Fe) are artificially placed at the inter-
face or at different depths in the investigated thin film
system.3>3* Recently, CEMS has been applied to investigate
changes in the ferromagnetic spin structure induced by ex-
change bias in Fe/MnF,.%

In this work we report on the study of the out-of-plane
spin component in both, the F and AF part of Fe/FeSn,
bilayer systems. The °’Fe CEMS method in perpendicular
geometry (with the gamma radiation perpendicular to the
sample plane) was employed in order to fulfil this task. °’Fe
enriched tracer layers (12-A thick >’Fe in the polycrystalline
Fe layer and ~50-A thick 57Ff:Sn2 in the FeSn, epitaxial
layer) were used to probe the spin structure at the interfacial
region and in certain depths of the magnetic films. A remark-
able out-of-plane spin component in the antiferromagnet was
found to be induced by the F layer and was correlated with
the exchange bias field determined by magnetometry.

II. EXPERIMENT

Antiferromagnetic ~ FeSn,(001)  thin  films  and
Fe/FeSn,(001) bilayer systems showing exchange bias ef-
fects at low temperatures were obtained by molecular beam
epitaxy. The tetragonal FeSn, phase (¢=6.52 A and ¢
=5.32 A) has been epitaxially grown in ultrahigh vacuum
(UHV) on the clean surface of cubic InSb(001) substrates
(a=6.47 A) by co-evaporation from two sources. Experi-
mental details about the preparation and the structural inves-
tigations of the FeSn, thin films were reported elsewhere.?%3’
The substrate temperature 7 during the growth of the FeSn,
film was between 200 and 250 °C (as required for epitaxy),
and was only 50 °C during growth of the polycrystalline Fe
overlayer. Thicknesses of 280 and 400 A were chosen for AF
films without Fe coverage, and of 250, 280, and 400 A in the
F/AF bilayer systems. The overall thickness of the Fe film
(F) was 60 A. Tracer layers (50-A or 40-A thick °’FeSn,
alloy and 12-A thick *’Fe, respectively), being 95% enriched
in the ’Fe Mossbauer isotope and being structurally identi-
cal with the base phases, have been grown under identical

conditions as for the base phases at different depth from the
Fe/FeSn, interface. (The natural isotopical abundance of
57Fe in the base phases is only 2%.) The systems were cov-
ered by 30-40 A thick Sn cap layers, grown at 50 °C. The
geometrical structure of the various samples investigated
here, the growth temperature and annealing temperature of
the AF layer, and their nomenclature (sample label) are pre-
sented in Table 1. Before growing the Fe layer, all AF layers
(except that of sample F/AF(int)2) were in situ annealed at
350 °C in UHV for more than 100 min in order to increase
their Néel temperature Ty.3° The geometrical structure of the
samples with the position of the tracer layer/layers are sche-
matically shown in Fig. 1. Néel temperatures higher than 295
K were evidenced by CEMS (see below) in all AF layers,
including the non-annealed one. Under optimum annealing
conditions, the maximum Néel temperature in such films can
approach the Ty value of the bulk FeSn, phase’®3 which is
about 380 K.38-4

The epitaxial growth of the AF FeSn,(001) films was con-
firmed for every sample by typical in situ reflection high-
energy electron diffraction (RHEED), and by ex situ x-ray
diffraction (XRD) patterns.3®3” The out-of-plane component
of the Fe spin structure in both the F and AF phases, was
measured at different temperatures in zero external field by
S"Fe CEMS in perpendicular geometry ( y-ray direction per-
pendicular to the sample plane). For CEMS measured down
to 80 K, homemade proportional counters (He-CH, gas mix-
ture for room temperature (RT) and pure He for lower tem-
peratures) were used. CEM spectra at 10 K were obtained by
using a channeltron electron detector placed (together with
the sample) in the inner evacuated chamber of a liquid He
bath cryostat. A Mossbauer drive system operating in con-
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FIG. 1. Schematics of the geometrical structure of the various
samples investigated, showing the different positions (depths) of the
thin *’Fe and 57FeSn2 tracer layers in the Fe layer and/or FeSn,
layer, respectively. The samples are labeled as indicated.
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stant acceleration mode combined with conventional elec-
tronics and a >’Co source (Rh matrix) of ~50 mCi activity
were employed. The source temperature was held constant at
room temperature (RT). Due to the chosen geometrical struc-
ture of the samples (Table I) more than 90% of the detected
conversion electrons following the Mossbauer absorption are
generated in the tracer layer/layers enriched in the °’Fe
Maossbauer isotope and, therefore, the CEM spectra give
depth selective information. The CEM spectra were least-
squares fitted by using the computer program NORMOS by
Brand.*? All isomer shift values are given relative to bulk bcc
Fe at RT.

The exchange coupling was induced by field-cooling the
bilayer systems from 400 K (above Ty) down to the mea-
surement temperature in a magnetic field of 0.05 T applied
along the [110] direction of the FeSn,(001) surface. Tem-
perature dependent hysteresis loops, with the field applied
also along the [110] direction, were obtained by supercon-
ducting quantum interference device (SQUID) magnetom-
etry. Here, temperature dependent magnetic measurements
were performed on sample F/AF(ctr) one week after prepa-
ration (as-prepared sample) and again two months after
preparation (aged sample). Sample F/AF(ctr) has a similar
geometrical structure as sample F/AF(int)1, the only differ-
ence being the position of the tracer layer (see Table I).

III. METHODOLOGICAL ASPECTS

Mossbauer spectra obtained in perpendicular geometry
(y-ray perpendicular to the film plane) may provide valuable
information about the out-of-plane Fe spin component for
each spectroscopically resolved Zeeman-split sextet (each
sextet belonging to a certain magnetic phase). The integrated
line intensity ratios (spectral area ratios) of the six lines are
given by 3:Ry;:1:1:R,3:3.# R,; represents the ratio of the
(integrated) intensities of the second (or fifth) and the third
(or fourth) lines of the Mdossbauer sextet, given by R,3(6)
=4 sin6/(1+cos*#), with @ the angle between the Fe spin
direction and the y-ray direction. From measured R,3 values
one obtains the model independent parameter {cos>6), where
the brackets indicate averaging over the angular spin distri-
bution in the sample. For the extreme case of complete out-
of-plane spin orientation (#=0°)R,3=0, while for complete
in-plane orientation (=90°)R,;=4. Due to possible super-
positions of different subspectra in the central part of the
measured Mdossbauer spectrum, changes in the intensity ratio
R,; may be easier detected more often by observing the in-
tensity ratio of the second (fifth) line and the first (sixth) line
of the sextets. In perpendicular geometry, the above relation
can be used also in the form Ry;(a)=4 cos’a/(2—-cos’a),
where a=90°—-6 is the angle between the Fe spin direction
and the sample plane. In order to determine the spin struc-
ture, the general algorithm**~4¢ for different angular Fe spin
distributions (spin texture) was applied to the case of the
perpendicular CEMS geometry in the present work. Accord-
ingly, for a theoretical angular out-of-plane spin distribution
P(a), the experimental intensity ratio R,; is given by
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FIG. 2. Schematic representation of the angular distribution of
the out-of-plane Fe spin component in an arbitrary plane perpen-
dicular to the film surface for two models: unidirectional (a) and
step shaped spin-fanning structure (b). The angular spin distribu-
tions show cylindrical symmetry relative to the film normal (or
y-ray direction).

+m
(cosza):f P(a)cos’ada  and

erwP(oz)da:l. (1)

R,3; may be calculated from Eq. (1) for a particular model
spin distribution P(«) and compared with the experimental
R,5 value.

In the simplest model, the unidirectional model, all Fe
spins are assumed to point to only one direction relative to
the sample plane [Fig. 2(a)]. This corresponds to a Dirac-
type probability distribution P(a)=8(a—ap). Then Eq. (1)
becomes
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FIG. 3. Theoretical line intensity ratio R,3 versus the semiaper-
ture Aa/2 for an out-of-plane step-shaped angular Fe spin distribu-
tion (spin-fanning model).

Ry3 =4 cos?ay/(2 — cos’ay) (2)

and cos « or, alternatively, the Fe spin orientation «, can be
directly derived from a measurement of R,;. For a more re-
alistic spin structure (e.g., near a rough interface containing
defects), the step-shaped angular distribution describing an
out-of-plane spin-fanning structure [Fig. 2(b)] may be useful.
In this situation the spins are oriented with equal probability
only within an angular aperture Ac. (This angular distribu-
tion is centered along a direction in the sample plane.) Then,
the probability is expressed as P(a)=1/Aa for —Aa/2<a
<Aa/2, and P(a)=0 in the rest of the 27 interval, and Eq.
(1) becomes

1+ (sin Aa)/Ac

Ry =4 ,
BT (sin Aa)/Ac

since

[1+ (sin Aa)/Aa]
5 .

(cos’a) = (3)

The dependence of the R,; ratio on the out-of-plane an-
gular spin semiaperture Aa/2, as obtained by numerical in-
tegration of Eq. (3), is presented in Fig. 3. The angular semi-
aperture Aa/2 is determined from this theoretical curve and
from the experimental R,; ratio. We emphasize that this
model works properly only for intensity ratios R,;>0.97 (or
Aa/2<129°. Values R,;<<1.3 can be interpreted only in the
frame of a fanning spin structure centered along the direction
perpendicular to the sample plane.

IV. RESULTS AND DISCUSSION
A. Spin structure in antiferromagnetic FeSn, single layers

According to the AF spin structure in bulk FeSn,,-#! the
Fe spins are arranged within the (001) planes of tetragonal
FeSn,, i.e., perpendicular to the ¢ axis. Therefore, the Fe
spins are expected to be oriented in the plane of our
FeSn,(001) films.

The RT CEM spectra of the AF samples AF(int)1 [inter-
facial ° 7FeSn2 tracer layer) and AF(ctr) (central 57FeSn2
tracer layer) are shown in Fig. 4. Also displayed in Fig. 4 are
CEM spectra of sample AF(int)2 [interfacial 3 7FeSn2 tracer
layer, but with a 50 °C lower growth temperature and a thin-
ner overall AF layer, as compared to samples AF(int)1 and
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FIG. 4. CEM spectra of samples AF(int) 1, AF(ctr), and AF(int)2
[consisting only in the antiferromagnetic FeSn,(001) layer] ob-
tained in perpendicular geometry (y-ray perpendicular to the sample
plane). Samples AF(int)1 (interfacial 57FeSn2 tracer layer) (a) and
AF(ctr) (centered 57Ff:Sn2 tracer layer) (b) were studied at RT,
whereas sample AF(int)2 (interfacial ’FeSn, tracer layer, but
slightly different preparation conditions) was investigated both, at
RT (c) and at 50 K (d). The spectra were least-squares fitted with a
broad central paramagnetic feature P (singlet or doublet) and/or the
sextet S3 of AF FeSn,.

AF(ctr)] measured at RT and 50 K, respectively. The 50-K
spectrum could be satisfactorily fitted with one magnetic
component (sextet-S3) presenting a hyperfine magnetic field
By of 15.5(1) T and an isomer shift of 0.640(3) mm/s. Both
spectral parameters are typical for the AF ordered FeSn,
phase.’0-#! For sample AF(int)2 at RT, the magnetically or-
dered phase gives rise to a sextet (sextet S3) with By
=10 T and an isomer shift of 0.501(2) mm/s. The difference
in isomer shifts at RT and 50 K is caused by the second-order
Doppler (SOD) shift (relativistic center shift of the spectra
with T). The fitting of the RT spectra of sample AF(int)2 and
of all the other epitaxial FeSn, thin-film samples required the
consideration of an additional broad central pattern P (singlet
or doublet, depending on the preparation conditions) with an
isomer shift of about 0.55 mm/s. Taking into account the
very similar isomer shifts at RT of the two patterns S3 and P
as well as the fact that pattern P disappears at 50 K, both
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components (S3 and P) in the RT CEM spectra have to cor-
respond to different magnetic environments of the same te-
tragonal FeSn, phase. This situation has been interpreted in
the following terms:3%37 The presence of defects in the FeSn,
layer (presumably antisite occupation of Fe and Sn atoms
and/or deviations from stoichiometry) will weaken the long-
range magnetic interactions between the Fe atomic magnetic
moments. A certain spatial inhomogeneity of the defect-
associated FeSn, regions leads to a fluctuating density of
defects throughout the AF sample volume. In the “high de-
fect” volumes of the AF phase, the long-range magnetic in-
teractions may be reduced even down to zero at temperatures
lower than the Néel temperature of the ordered (stoichio-
metric) FeSn, phase. Such Fe atoms in defect regions will
experience lower molecular fields and, consequently, lower
hyperfine magnetic fields By, thus contributing to the broad
central spectral component P at RT. Following this picture,
Fe atoms carrying a continuous distribution of time-averaged
magnetic moments and, hence, hyperfine magnetic fields, are
spread out over the AF sample volume. Therefore, the most
suitable fit of the RT CEM spectra should be done with a
continuous distribution of By, starting from O T. In this
model, lower hyperfine fields would correspond to regions
with a higher density of defects and vice versa. We have
chosen the fitting solution with two distinct Mdssbauer com-
ponents (one magnetic S3 and one paramagnetic P) because:
(i) the distribution of By obtained by the alternative fitting
procedure shows mainly two local maxima centered at about
10 T and close to 0 T, respectively; (ii) it offers the advantage
of a more precise determination of the R,; ratio of the mag-
netic sextet (S3), and (iii) the relative areas of the two spec-
tral components (S3 and P) provide a measure of the degree
of disorder in the antiferromagnetic phase. [E.g., a higher
relative spectral area of the paramagnetic component (P) in-
dicates a higher degree of atomic disorder.] It is clear that,
based on the above considerations, the broad central compo-
nent P (“defect line”) takes into account both a pure para-
magnetic line and a nearly collapsed magnetic pattern due to
thermally rapidly fluctuating magnetic regions in the chemi-
cally disordered volumes of FeSn,. The magnetic moments
of the iron atoms in the “defect” volumes may freeze at
lower temperatures, e.g., in a spin glasslike state, thus in-
creasing gradually the relative contribution of the magnetic
sextet S3 in the low temperature CEM spectra upon cooling.
Moreover, the central Fe atom will experience different elec-
tric field gradients down to zero, depending on the number of
defects, e.g., antisite atoms in its local neighborhood. Ac-
cordingly, the central component in the CEM spectrum may
also include a distribution of electric quadrupole splittings,
whose characteristics are sensitive to the specific preparation
conditions. Such distributions centered at a finite (mean)
quadrupole splitting are presented in the RT CEM spectra of
samples AF(int)1 and AF(ctr) by the broad central doublet P,
whereas a distribution centered at zero quadrupole splitting
is represented by the broad central singlet P in the RT spec-
trum of sample AF(int)2 (Fig. 4).

Values of the measured intensity ratio R,; and of {cos’a)
for the AF ordered FeSn, phase are given in Table II for all
the samples studied here. Also presented in Table II are the
parameters ¢, and Aa/2 of the angular spin distributions
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computed from the measured R,; values for the unidirec-
tional model and perpendicular fanning model, respectively.

As can be observed in Fig. 4 and Table II, the Fe spins are
oriented completely in the sample plane at RT (R,3=4 within
error bars) at both the Sn/FeSn, interface [samples AF(int)1
and AF(int)2] and in the center [sample AF(ctr)] of the AF
FeSn,(001) thin film. This is expected considering the spin
structure of the bulk FeSn,.*~*! Our result proves that (at
room temperature) the Sn cap layer, if in direct contact with
the FeSn, layer, has no effect on its spin structure. The de-
gree of disorder is higher in sample AF(int)2 (higher relative
spectral area of the paramagnetic feature P) as compared to
samples AF(int)1 and AF(ctr), mainly due to the lower film
growth temperature for AF(int)2 (Table I).6 It is interesting
that a stronger paramagnetic component is observed in
sample AF(int)1 with its tracer layer at the film interface as
compared to sample AF(ctr) with its tracer layer in the center
of the film. The higher chemical disorder in sample AF(int)1
with its interfacial tracer layer may be due to additional de-
fects induced by atomic interdiffusion at the interface with
the Sn cap layer.

After cooling sample AF(int)2 to 50 K, an out-of-plane
component of the Fe spins located at the interface of the
antiferromagnetic FeSn, films is induced ( with Aa/2=43°
for the spin fanning structure). This is surprising, because
according to the known spin structure of bulk AF FeSn,
(Refs. 39-41) the Fe spins are expected to lie within the
(001) planes perpendicular to the ¢ axis, i.e., in the plane of
our epitaxial FeSn,(001) films. The evolution of the out-of-
plane spin component upon cooling could be caused by mag-
netoelastic effects and mechanical stress in the film due to
different thermal expansion coefficients between film and
substrate. At 200 K, for instance, the thermal expansion co-
efficient « of InSb (substrate) is 4.67 X 107 K~!, while a of
Sn (cap layer) is 20.7 X 107 K=! (obtained by averaging
along and perpendicular to the ¢ axis of the tetragonal Sn).*/
Since « of FeSn, is unknown to our knowledge, we can only
estimate this value by interpolating between a of bcc Fe
(9.96 X107 K~!) and Sn, considering the composition of
FeSn,. This yields a~17X10° K~! for FeSn,, which is
much larger than « of InSb, but comparable to a of Sn. We
may conclude that the stress exerted on the FeSn, film upon
cooling is probably dominated by the effect of the InSb sub-
strate, while the influence of the Sn cap layer is very likely
much smaller.

B. Influence of the Fe top layer

The RT CEM spectra of the bilayer samples F/AF(int)1
(interfacial 57FeSn2 tracer layer) and F/AF(ctr) (57FeSn2
tracer layer in the center of the AF film) are shown in Fig. 5.
We like to emphasize that sample F/AF(int)1 [F/AF(ctr)] is
identical to sample AF(int)l [AF(ctr)] in the geometrical
structure of their AF phase, the only difference being the
addition of the ferromagnetic Fe layer on the top of the
FeSn, films. Therefore, an additional weak magnetic pattern
(S2) appears in the CEM spectra of the bilayer systems,
originating from the natural bce-Fe top layer (which has a
3"Fe natural abundance of only 2%).
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TABLE II. Measured line intensity ratio Ry; and {cos’a) values for the magnetic spectral components belonging to both the F and AF
tracer layers, as obtained from CEM spectra taken at different temperatures and in different preparation states of the samples. Also given are
the angles «, and Aa/2 of the out-of-plane angular spin distributions computed for the two models (unidirectional and spin-fanning
structure, respectively). (as-prepared=maximum of one week after sample preparation, aged=two months after preparation).

Sample Measurement Preparation =~ Magnetic
label Temperature (K)  Field-cooling stage phases Ry3 (cos?a)  ap(degrees)  Aa/2(degrees)

AF(int)1 295 No As-prepared AF 3.9(1) 0.997 4(3) 10(5)

AF(ctr) 295 AF 4.0(1) 1 0(3) 0(5)
AF(int)2 295 AF 4.02) 1 0(5) 0(10)
50 AF 2.9(2) 0.841 24(3) 42(5)

F/AF(int)1 295 No As-prepared AF 1.5(1) 0.545 43(3) 84(3)
Yes AF 1.3(1)  0.490 46(3) 93(3)

Aged AF 3.7(1) 0.961 11(3) 20(3)

F/AF(ctr) 295 No As-prepared AF 2.5(1) 0.771 29(3) 52(3)
F(int)/AF(int) 295 No As-prepared FM 3.9(2) 0.997 4(5) 10(10)
AF 29(2)  0.841 24(5) 42(5)

Yes FM 4.02) 1 0(5) 0(10)

AF 2.5(2) 0.771 29(5) 52(5)

10 No FM 3.7(2) 0.961 11(5) 20(5)

AF 2.0(1) 0.667 35(3) 65(3)

Yes FM 3.7(2) 0.961 11(5) 20(5)

AF 2.0(1) 0.667 35(3) 65(3)

F/AF(int)2 295 Yes As-prepared AF 2.4(1) 0.75 30(3) 55(3)
Aged AF 3.8(1) 0.974 9(3) 17(4)

220 AF 3.0(1) 0.857 22(3) 39(3)

150 AF 2.7(1) 0.806 26(3) 47(3)

80 AF 2.7(1) 0.806 26(3) 47(3)

By comparing Figs. 4(a) and 5(a), or Figs. 4(b) and 5(b),
a drastic change in the intensity ratio R,; of the Mossbauer
sextet S3 belonging to the AF FeSn, phase can be observed
(see arrows in the two figures), which is induced by the
presence of the Fe top layer. Accordingly, sample F/AF(int)1
with its bilayer structure and interfacial 57FeSn2 tracer layer
shows a mean orientation of the interfacial Fe spins in the AF
phase of Aa/2=100° (for the spin fanning structure). These
values should be compared with Aa/2=5° for the FeSn,
layer in sample AF(int)1, indicating nearly in-plane orienta-
tion of the Fe spins in sample AF(int)1. The Fe spins in the
57FeSn2 tracer layer placed at the center of the AF film rotate
from the in-plane position in sample AF(ctr) (AF single
layer) up to a value of Aa/2=55° (in the fanning model) in
sample F/AF(ctr) (F/AF bilayer system). This demonstrates
that the out-of-plane component of the Fe spins in the AF
phase, induced by the presence of the F top layer, is much
stronger at the F/AF interface than in the center of the AF
phase. The strong out-of-plane spin component in the AF
layers was observed in all the Fe/FeSn, systems investigated
within a short time after preparation, the magnitude of the
effect being controlled to some degree by the preparation
conditions.

We assume that the driving force for the spin rotation in
the AF is of magnetoelastic origin via spin orbit interaction,
and presumably is due to the stress exerted by the Fe top
layer on the AF FeSn, layer. It is unlikely that the Sn cap

layer is responsible for the stress on the FeSn, layer, since
there is a spacer layer of Fe between the Sn cap layer and the
FeSn, layer, and since Sn is a mechanically soft material that
can be easily plastically deformed by introducing disloca-
tions. Therefore, mechanical stress in the soft Sn cap layer
will easily be relieved by formation of misfit dislocations,
contrary to the mechanically harder materials Fe and FeSn,.

C. Effect of the cooling field

An even stronger out-of-plane Fe-spin component in the
AF interfacial layer is evidenced in the RT CEM spectra after
field cooling the bilayer system below the Néel temperature
of the AF phase in a magnetic field of 0.05 T. CEM spectra
of sample F(int)/AF(int), taken at RT and 10 K, before and
after the field cooling procedure, respectively, are presented
in Fig. 6. [Ty=380 K for sample F(int)/AF(int), see Ref.
37]. The more complex spectra of this sample are due to the
fact that the bilayer system F(int)/AF(int) contains two inter-
facial tracer layers, placed on either side of the Fe/FeSn,
interface (one on the F side and another on the AF side, see
Table I and Fig. 1). Accordingly, the CEM spectra were fitted
with three magnetic components and a paramagnetic one.
The two outer sextets (S1 and S2) with hyperfine magnetic
fields of about 31 and 33 T, respectively, and almost negli-
gible isomer shifts at RT, were assigned to a Sn-impurity
containing interfacial bee-Fe layer and a nearly pure bulklike
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FIG. 5. CEM spectra of sample F/AF(int)1 (with 57FeSn2 tracer
layer at the Fe/FeSn, interface)(a) and F/AF(ctr) (with 57FeSn2
tracer layer in the center of the FeSn, film)(b), obtained at RT in
perpendicular geometry. Sample F/AF(int)1 [F/AF(ctr)] differs from
sample AF(int)1 [AF(ctr)] only by the presence of the Fe top layer.
A significant change of the intensity ratio R,z (see arrows) can be
observed, as compared to the single layer FeSn, systems [AF(int)1
and AF(ctr)] presented in Fig. 4. (The natural Fe top layer produces
the spectral component S2, in this case the inner four lines of the
bee-Fe sextet S2.)

bee-Fe layer [isomer shift of 0.057(7) mm/s] farther away
from the Fe/FeSn, interface, respectively.>’ Due to the over-
lapping lines of sextets SI and S2, the same R,; ratio was
assumed for S1 and S2 in the least-squares fitting. As men-
tioned above, the inner sextet S3, with an isomer shift of
0.504(7) mm/s and a much smaller hyperfine magnetic field
(Bys=10 T) at RT, was again assigned to the chemically or-
dered stoichiometric FeSn, phase presenting long-range AF
ordering at RT. The paramagnetic central component P (sin-
glet or doublet) originates from chemically disordered re-
gions in the FeSn, phase. By decreasing the temperature, the
Fe magnetic moments of the disordered phase gradually be-
come frozen in the AF matrix, leading to a gradually increas-
ing spectral contribution of the inner sextet S3 at the expense
of the central paramagnetic pattern P.

At RT, the interfacial Fe spins in the F layer are com-
pletely aligned in the film plane (R,3=4.0), both before and
after field cooling the bilayer system through T [Table II,
sample F(int)/AF(int)]. To the contrary, the interfacial Fe
spins in the AF FeSn, layer, presenting already an initial
out-of-plane component (Aw/2=43°), will further rotate out
of the film plane (up to Aa/2=55°) after the field cooling
procedure. In spite of the relatively small increment of the
out-of-plane spin component induced by field cooling, the
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FIG. 6. CEM spectra of sample F(int)/AF(int) (tracer layers on
either site of the Fe/FeSn, interface) measured at RT (a),(b) and
10 K (c),(d) and in perpendicular geometry. The CEMS measure-
ments were performed before and after field cooling [field-cooled
cases correspond to (b) and (d)]. The fitted subspectra originate
from an interfacial bce-Fe layer containing interdiffused Sn impu-
rities (S1), a pure bulklike bee-Fe layer farther away from the F/AF
interface (S2), an AF FeSn, layer (S3), and a paramagnetic central
feature (broad singlet or weak doublet) due to defect regions in the
AF.

effect was regularly observed at RT on all magnetic bilayers
[e.g., for sample F/AF(int)1, A@/2=100° in the initial state,
as compared to Aa/2=120° after field cooling, Table II].
However, field cooling does not affect the out-of-plane spin
component in the AF layer at 10 K, where exchange bias
effects are observed (see Ref. 37, and Secs. IV E and IV F).
In spite of a stronger out-of-plane component of the Fe spins
in the interfacial AF layer of sample F(int)AF(int) at 10 K (
with Aa/2=73° ) as compared to the RT case, this out-of-
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FIG. 7. CEM spectra of samples F/AF(int)l (a),(b) and
F/AF(int)2 (c),(d) at RT in perpendicular geometry. “As-prepared”
[(a),(c)] refers to a measurement performed within less than one
week after sample preparation, and “aged” refers to a measurement
performed two months later. The samples were stored at RT. The
significant change of the intensity ratio R,3 upon aging is indicated
by the arrows.

plane spin component is similar for the initial (zero-field
cooled) state at 10 K and after field cooling to 10 K
(Aa/2=73°, Table II). At 10 K the interfacial Fe spins in the
F layer show also a small out-of-plane component [Aa/2
=19° for F(int)/AF(int)], probably due to the stronger cou-
pling to the canted interfacial Fe spins of the AF phase.

Due to the SOD shift the center shift increases slightly
upon cooling to 10 K, namely, from 0.057(7) mm/s at RT to
0.06(2) mm/s at 10 K for the bulklike bce-Fe layer, and
from 0.504(7) mm/s at RT to 0.543(7) mm/s at 10 K for the
FeSn, layer.

D. Time dependent relaxation effects

Figure 7 shows CEM spectra of samples F/AF(int)1 (
Fe/FeSn, bilayer with interfacial 57FeSn2 tracer layer and
with an annealed AF FeSn, layer of 400 A total thickness)
and F/AF(int)2 (Fe/FeSn, bilayer with interfacial 57FeSn2
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tracer layer and with a nonannealed AF FeSn, layer of 280 A
total thickness). These systems were measured at RT after
the field-cooling procedure and at different time intervals
after the preparation: (i) within less than one week (as-
prepared sample) and (ii) after two months (aged sample). A
significant increase of the intensity ratio R,; of sextet $3
(belonging to the FeSn, interfacial phase) is observed for the
aged samples as compared to the as-prepared samples (see
also Table II), suggesting time dependent reorientation pro-
cesses of the AF spins toward the in-plane direction. The
decrease of the out-of-plane components depends to some
extent on the preparation conditions, and for the present case
the spin fanning angle Aa/2 was reduced after two months
from Aa/2=120° to Aa/2=19° in sample F/AF(int)1, and
from Aa/2=60° to Aa/2=14° in sample F/AF(int)2 (Table
I). This effect is most likely due to a time dependent struc-
tural relaxation at the F/AF interface relieving the stress ex-
erted by the Fe top layer on the AF FeSn, layer. According to
our present observations, the usual thermal annealing treat-
ment of the as-prepared Fe/FeSn, bilayer cannot remove the
interfacial stress (and cannot remove the out-of-plane spin
component in the AF), maybe due to additional temperature
activated interdiffusion processes that prevent stress relief.

E. Temperature dependent out-of-plane spin component
in Fe/FeSn,

Temperature dependent CEM spectra were measured on
sample F/AF(int)2 two months after preparation, and after
the field-cooling procedure (Fig. 8). Besides the decreasing
spectral contribution of the central paramagnetic “defect”
feature P already discussed in the previous sections, a clear
decrease of the intensity ratio R,; of the sextet S3 belonging
to the interfacial AF FeSn, phase is observed upon cooling
and, consequently, an increase of the out-of-plane spin com-
ponent in the AF phase at low temperatures. The parameters
describing the spin structure in the considered models (
(cos’a), ay and Aa/2) are presented in Table II. The center
shift increases upon cooling due to the SOD shift. For the
FeSn, layer we find center-shift values of 0.495(1) mm/s at
RT, 0.546(4) mm/s at 220 K, 0.594(1) mm/s at 150 K, and
0.624(2) mm/s at 80 K. The corresponding values for the
bulk-like Fe layer are -—0.04(5) mm/s, 0.08(7) mm/s,
0.1(1) mm/s, and 0.0(8) mm/s, respectively.

The temperature evolution of the intensity ratio R,3 of the
interfacial AF phase for the aged sample F/AF(int)2 and for
the as-prepared sample F(int)/AF(int) are shown in Fig. 9. In
the same figure also the R,; values of sample F/AF(int)2
(as-prepared) and F/AF(int)1 (as-prepared and aged) are
plotted. It is assumed in the following that the R,5 ratio of the
AF phase in as-prepared bilayer samples shows a similar
temperature dependence as in the as-prepared sample F(int)/
AF(int), whereas the temperature dependence of the R, ratio
of the AF phase in the aged samples is assumed to be similar
to that in the aged bilayer sample F/AF(int)2. Accordingly,
R,3 values of about 2.5 at 5 K can be derived for both aged
bilayers F/AF(int)2 and F/AF(int)1, which have very similar
R, ratios at RT (Fig. 9). Further, an R,3 value of about 0.7 at
5 K may be deduced for the as-prepared bilayer sample
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FIG. 8. CEM spectra of the aged sample F/AF(int)2 measured in
perpendicular geometry at RT, 220, 150, and 80 K (from top to
bottom, respectively).

F/AF(int) 1. These R,; ratios correspond to the following val-
ues of cosay at 5 K in the unidirectional model:
cos ay~0.88 for the aged samples F/AF(int)2 and
F/AF(int)1, and cos ap~0.54 for the as-prepared sample
F/AF(int)1. It should be noted that in this case « is the
average angle between the interfacial AF spins and the inter-

4 T
@ 512 as prepared
O {312 aged
A £54 as prepared
3] 4 fagd |
i G S L)
< B R 73
24 g |
A
1 S _
0 * 200 300

FIG. 9. Intensity ratio R,3 for the interfacial AF 57FeSn2 layer
obtained on different samples [F(int)/AF(int), F/AF(int)1, and
F/AF(int)2, respectively] and at different temperatures. The full
symbols refer to as-prepared samples and the open ones to the aged
samples.
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FIG. 10. Hysteresis loops measured by SQUID at different tem-
peratures on sample F/AF(ctr) in the as-prepared state (a) and in the
aged state (b). The loops were recorded under the same conditions.
Temperature dependence of the exchange field —Hg (c) and the
coercive field H¢ (d) for the as prepared (full circles) and aged
(open circles) sample F/AF(ctr). [F/AF(ctr) has similar geometrical
structure and was prepared under similar conditions as sample
F/AF(int)1.]

facial Fe spin direction in the ferromagnetic Fe overlayer, the
latter being in-plane oriented (Table II).

F. Correlation between exchange bias field and out-of-plane
spin component in the AF layer

The hysteresis loops obtained at different temperatures on
the as-prepared sample F/AF(ctr) (after field cooling in 0.05
T from above Ty down to the measurement temperature) are

064440-9



STROMBERG et al.

shown in Fig. 10(a). Figure 10(b) exhibits hysteresis loops
measured under similar conditions on the aged sample
F/AF(ctr). The temperature dependences of Hg and H are
shown in Figs. 10(c) and 10(d), respectively. Starting at 5 K,
|Hg| is sharply reduced with increasing temperature in a first
step (up to 20 K), and then decreases smoothly down to zero
at a blocking temperature 7y of about 100 K. Ty is much
lower than Ty, which is above RT. It is evident that below 20
K higher values of |Hg| exist for the aged sample than for the
as-prepared sample. For instance, at 5 K |Hp| increases after
two months from 64 Oe in the as-prepared sample F/AF(ctr)
up to 122 Oe in the aged sample F/AF(ctr). Quantitatively, at
5 K |Hg| is ~1.9 times larger in the aged sample than in the
as-prepared sample F/AF(ctr) [Fig. 10(c)]. Hc at low tem-
perature is also higher in the aged sample than in the as-
prepared sample [Fig. 10(d)], but the relative change is
smaller than that for |Hg|.

Due to their similar geometrical structure and preparation
conditions (the only difference being the position of the
57FeSn2 tracer layer), samples F/AF(ctr) and F/AF(int)1
should behave similarly in their macroscopic magnetic prop-
erties, including Hg. As described in Sec. IV E, the mean
relative orientation between the interfacial Fe spins in the AF
film and the interfacial Fe spins in the F film is taken into
account by cos «, which is 0.54 in the as-prepared sample
F/AF(int)1, and 0.88 in the aged sample F/AF(int)/1, i.e., it
is 1.6 times larger in the aged sample. This should be com-
pared with the factor of 1.9 between |Hg| of the aged and
as-prepared sample F/AF(ctr). Obviously, there is evidence
for a qualitative correlation between |Hg| and cos a. It is
difficult to say at this stage, if the larger factor of 1.9 for the
exchange bias fields as compared to the factor of 1.6 for the
corresponding cos ¢, values is due to inherent experimental
uncertainties and inaccurate assumptions (e.g., the extrapola-
tion of the out-of-plane spin component at 5 K, Fig. 9), or
from a deviation of the linear scaling law Hg ~ cos ay. How-
ever, our result supports a direct anticorrelation between the
magnitude of Hg and the out-of-plane interfacial spin com-
ponent in the AF layer. Moreover, we may suppose that the
main reason for the increase in magnitude of Hy with the
aging time of the sample is related to the aging-time depen-
dence of the out-of-plane component of the interfacial AF
FeSn, spins, which is very likely finally connected with the
relaxation of interfacial stress. Hence, generally magneto-
elastic effects in the antiferromagnet could play an important
role in the behavior of exchange biased systems.

V. CONCLUSIONS

Antiferromagnetic (AF) epitaxial FeSn,(001) thin films
and exchange coupled Fe/FeSn,(001) magnetic bilayers
were grown by molecular beam epitaxy (MBE) on clean
InSb(001) substrates. Tracer layers of 57FeSn2 (in the FeSn,
layer) and °’Fe (in the Fe layer) with similar crystallographic
structure as the base phases were placed at and away from

PHYSICAL REVIEW B 72, 064440 (2005)

the F/AF interface in order to study the out-of-plane spin
components of the constituent layers by >’Fe CEMS. The
measurement of the Mdssbauer line intensity ratio R,3 pro-
vided a model-independent way to determine {cos’a), with a
being the angle between the film normal direction and the Fe
spin direction. Models of the mean unidirectional spin orien-
tation and of the step-shaped angular spin distribution were
used for a quantitative characterization of the Fe spin struc-
ture.

The Fe spins in the AF FeSn, single-layer films show a
nearly complete in-plane orientation at RT and a weak out-
of-plane component at low temperatures. A remarkable in-
crease of the out-of-plane spin component of the interfacial
AF spins is obtained by growing an Fe layer over the FeSn,
layer. The out-of-plane spin component decreases with the
distance from the F/AF interface. It is assumed that this be-
havior is related to magnetoelastic effects due to stress
caused by the lattice mismatch of Fe and FeSn,(001). Field-
cooling procedures induce an additional small increase in the
out-of-plane spin component at RT, while this effect is found
to be almost negligible at low temperatures, where a strong
exchange bias effect is present.

The interfacial Fe spins in the ferromagnetic (F) layer are
almost completely aligned in the plane of the F/AF interface
at RT, whereas a very weak out-of-plane component was
observed at 10 K, probably due to the stronger exchange
coupling with the canted interfacial Fe spins of the AF phase.

A drastic reorientation from preferred out-of-plane toward
in-plane spin direction in the AF has been observed after
keeping the as-prepared Fe/FeSn, samples at RT for two
months (aged samples). This effect may be caused by time
dependent stress relief via lattice relaxation at the interface at
RT. The behavior of the out-of-plane spin component at dif-
ferent measurement temperatures was analyzed in both, as-
prepared and aged samples.

Larger exchange bias fields were observed by SQUID
magnetometry for the aged sample than for to the as-
prepared state. This increase in magnitude of H is explained
by the spin reorientation from out-of-plane to in-plane. Fur-
ther experiments are in progress in such relaxing exchange
bias systems in order to determine the exact scaling law be-
tween Hg and the mean angle between the interfacial Fe and
interfacial AF spins. Generally, magnetoelastic effects in the
antiferromagnet could play an important role in the behavior
of exchange-biased F/AF bilayers, in particular in systems
containing heavy atoms with large spin orbit coupling.
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