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Abstract

The influence of epitaxial strain on the anti-ferromagnetic ordering was studied in a 450-nm-thick Cr film grown on a
MgO(001) substrate by molecular beam epitaxy. The anti-ferromagnetic nature of the films was probed by neutron diffraction. A
detailed structural characterization of the film was carried out by atomic force microscopy, Rutherford backsgelizningling
spectrometry, and X-ray diffraction. At low temperatures a transverse spin density wave with propagation vector in the film plane
is detected, and is attributed to the presence of epitaxial strain. Crystal defects in the sample lead to the appearance of th
commensurate anti-ferromagnetic state at higher temperatures.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction angular correlation techniquePAC) to study epitaxial
Fe/Cr superlattices, grown by molecular beam epitaxy
During the last decade the interest in the intrinsic (MBE), and found that the anti-ferromagnetic ordering
magnetic properties of thin Cr films has increased breaks down below a thickness of 6 nm, suggesting that
strongly. This was partly motivated by the intensive anti-ferromagnetic ordering in Cr cannot play a domi-
studies carried out on FE€r superlattices, one of the nating role in the oscillatory exchange coupling. Fuller-
archetypal multilayer systems in which the giant mag- ton et al. [5] used transport and magnetization
neto-resistanc€GMR) effect has been encountergd]. measurements to demonstrate that in sputtered, epitaxial
Various physical aspects of the constituent materials andFe/Cr superlattices the anti-ferromagnetic order is sup-
their interfaces have been studied in detail. It was pressed for Cr layer thickness below 4 nm and that the
established, for instance, that the interface roughness inanti-ferromagnetic ordering of the Cr layers significantly
Fe/Cr superlattices has a profound influence on the changes the interlayer coupling since the biquadratic
magnitude of the GMR effed®,3]. The role of the anti-  coupling of the Fe layers was observed to disappear
ferromagnetic ordering in the Cr spacer layers has beenpelow the Neel temperatuf®, of the Cr layers. Further
another major issue in the understanding of the observedgjrect information about the anti-ferromagnetic nature
oscillatory exchange coupling effects. In order to clarify 4 cr in Fe/Cr superlatices has been provided by
this point, several_ studies have focused on the i_ntrinsic neutron diffraction measurements, demanding experi-
magnetic properties ofhin Cr films embedded in a1 onq for which the sample requirements are very high.
superlattice. Meersschaut et #] used the perturbed Fullerton et al.[6] and Schreyer et al7] investigated
" +Corresponding author. Tel.+ 32-16-32-76-20; fax-+32-16-32- the. commensurate and incommensu.rate anti-ferromag-
79-83. netic phases in Cr layers embedded in afGesuper-
E-mail address: kristiaan.temst@fys.kuleuven.ac.t€. Tems). lattice. These diverse studies made clear that the
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anti-ferromagnetic nature of the Cr films can be pro-
foundly influenced by subtle variations in the crystalline
order, strain in the film, proximity with paramagnetic or
ferromagnetic layers, etc.

As a reference for the study of anti-ferromagnetic
order in thin Cr films, a comparison can be made with
the anti-ferromagnetid AF) structure of bulk single
crystal Cr, which is well known. The main properties
are summarized in the review by Fawcés]. Below
the onset of anti-ferromagnetism at ttipulk) Neel
temperaturely, =311 K, the spins are sinusoidally mod-
ulated along thd001] and equivalent axes, resulting in
an incommensurate spin density wat®@DW) charac-
terized by a wave vectd®. The period of this SDW is

slightly temperature dependent and varies between 80

A at room temperature and 60 A at 4.2 [@]. Above
the spinflip temperatur&y;=123 K a transversal SDW
(T-SDW) state(AF,) is observed with the spins perpen-
dicular to Q. Below Ty the spins are parallel to the
modulation, which is known as the longitudinal SDW
(L-SDW) state (AF,). Furthermore, a third AF state
without a modulation of the spins can be observed in
non-single crystal samples and in Cr alldgs1d. This

AF commensurate staté\F,) exists up to temperatures
above theTy, of single crystalline Ci8].
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Fig. 1. AFM topography of the surface of the epitaxial Cr film. Anal-
ysis of the AFM images yields a root mean square surface roughness
of 0.75 nm and an in-plane grain size of the order of 10-20 nm.

(XRD), and Rutherford backscattering and channeling
spectroscop¥RBS/C). In order to study the magnetic
behavior, high angle neutron diffraction experiments
were carried out at various temperatures. We show that
the structural characterization gives evidence for a small
epitaxial strain in the films, which leads to a particular

It has become an interesting challenge to determineorientation of the propagation direction of the SDW and

the AF phase diagram of thin Cr films, whether or not a polarization direction of the Cr spins. Our results are
they are embedded in a superlattice, and to compare itdiscussed in the light of other studies on the anti-
with the bulk properties. An excellent review of the spin  ferromagnetic nature of thin Cr films and are compared

density wave magnetism of thin Cr films was recently to observations of the AF state in strained bulk Cr
published by Zabel11]. Several papers have already crystals.

been devoted to the interplay between the structural

features and the anti-ferromagnetic phase diagram of2, Preparation and characterization

thin Cr films. In a study of Sonntag et dlL2] the strain
and its non-Poisson behavior in Cr thin films grown on

The Cr film was prepared in a Riber MBE system at

a Nb(110) buffer layer on sapphire substrates has beena base pressure of>610~** mbar which increased to

investigated. Synchroton X-ray studies on such/ Cr
Nb(110) sapphire films revealed an orientational pinning
effect of the SDW-related strain density- and charge
density wave[13]. Bodeker et al[14] reported on the
structural and magnetic properties of Cr films, grown
on the sapphir@\b system, and covered with ferromag-
netic and paramagnetic layers.

In this paper we aim to add to the body of experi-
mental work by reporting on a detailed study of a 450-
nm Cr film of which the structure was thoroughly
characterized in order to shed light on the influence of
epitaxial strain on the anti-ferromagnetism of Cr. For

1x10~° mbar during growth. The22-cn? MgQ(001)
substrate was cleaned by annealing at 8Q0for 15
min in ultra high vacuum. After cooling down, a Cr
layer of 4500 A (99.999% purity is deposited at a
substrate temperature of 10€ using electron beam
evaporation at a rate of 0.4/A. This range of substrate
temperature was also used for the preparation of epitax-
ial Fe/Cr superlattices in which GMR effects were
studied[16]. The growth rate is controlled by a quad-
rupole mass spectrometer system. X-Ray diffraction
measurements are performed on a 12-kW Rigaku DMax
rotating anode diffractometer using CuK1.54187 A

that purpose, we have prepared by MBE a 450-nm Cr radiation and a thin film attachment goniometer with a

thin films on a MgQO0021) single crystal substrate. Our
choice of MgQ001) substrates is motivated by the fact
that a good epitaxial growth can be achie@dd] and,

post-sample crystal monochromator in the Bragg—Bren-
tano configuration.
Fig. 1 shows the topography of the sample surface,

moreover, because it is frequently used as substrate taneasured by atomic force microscogAFM). The

grow anti-ferromagnetically coupled F@ér superlattices.
Structural information about the sample is obtained from
atomic force microscopy(AFM), X-ray diffraction

AFM data were collected on a standard Digital Instru-
ments Nanoscope Il instrument, using the Tapping
Mode procedure. The sample was at room temperature
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Fig. 2. High angle XRD pattern, revealing only a(d®2) reflection
at 20 =64°, indicating that the sample is completel§02) oriented.
The inset shows the rocking curve around th€00P) reflection.
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geometry should be compared to the one for random
incidence, which in this case was 8ff-axis from the
aligned geometry. This aligned geometry results in a
drastic reduction of the backscattering yield, quantified
by the minimum yieldy, (which is defined as the
ratio of the backscattering yield with aligned and random
incidence, respectively The theoretically expected
Xmin Value for channeling along a {@01] axis ranges
from 1.7% for a perfect single crystal, to 100% for a
polycrystalline structure. From our measurement, shown
in Fig. 3a, axmin-value of ~16% could be deduced,
indicating a high defect concentration. Apart from a
slight increase at the surfa€due to backscattering from
the first monolayers near 2.12 MeV, and the interface,
near 1.75 MeV, a relatively constant channeling yield is
observed. At the interface, a significant increase of the
aligned spectrum indicates enhanced scattering from

and in ambient conditions for these measurements. The|5iice imperfections, such as misfit dislocations. These

AFM images show a homogeneous and smooth film
surface, with a root mean squafem.s) roughness of
the order of 0.75 nm, measured over an area xfll
wm?, This is comparable with previous AFM results
obtained on epitaxial Cr films on MgQL5]. The same

r.m.s. roughness value was found at different positions

on the sample surface. Analysis of the AFM images
provides furthermore an estimate of the in-plane grain
size, which is of the order of 10-20 nm.

High angle XRD measurements on this Cr film are
shown in Fig. 2. At 2=42.95 the MgQ(002) reflection
is observed and a Mg®@O03) reflection is visible at
20=66.9. The only observed Cr diffraction peak is
Cr(002 at 2=64.62 indicating that the sample is
completely(002) oriented. The double peak structure in
the C(002) reflection is caused by the Cuk(\,,=
1.540598 A and CuK,, (A,,=1.544418 A contribu-
tions to the radiation. The lattice parameter

perpendicular to the plane of the sample as determined

from these reflections i§* =2.882+0.001 A, differing
little from the bulk valued®“=2.884+0.001 A [17].
The inset of Fig. 2 shows the rocking curve measured
around the Q1002) reflection, which has a full width at
half maximum of less than C’5representing a small
mozaic spread of the grains. Off-axis XRD measure-
ments around th€112) type reflections allow determi-
nation of the epitaxial relation between(001) and the
MgO(001) substrate: the cubic bcc Cr unit cell is rotated
over 45 with respect to the cubic MgO unit cell, while
their [001] axes remain parallel. We denote this epitaxial
relationship as Mg@O01[110//Cr(00D[104.

Fig. 3 shows the Rutherford backscatteritigBS)
measurements on this film using a 2.9-MeV'He beam,
from which a Cr thickness of 4600 A was determined.
In order to probe the crystalline quality of the Cr layer,

a channeling measurement with the incoming He beam

aligned along the {001]||MgO[00]1] axis was per-
formed(Fig. 39. The backscattering yield in the aligned

misfit dislocations are due to relaxation of the elastically
strained Cr layer.

Additional channeling measurements were performed
along the off-normal011] and[111] crystal directions,
the latter shown in Fig. 3b. From the positioning of the
respective axes in the Cr layer and the MgO substrate,
the epitaxial nature of the thin film is confirmed, with
its azimuthal orientation being @01)||MgO(001) and
Cr[100[IMgO[110], i.e. the Cr lattice is azimuthally
rotated by 45 with respect to the substrate. The mini-
mum yield measured along the [Cit1] axis is 45%,
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Fig. 3. Rutherford backscattering spectra with rand¢®) and
aligned(O) beam incidence for the @01] (a) and Cf111] (b) axes.
The solid line is a simulation of a 4600-A Cr film on a MgO substrate
using the RUMP-code.
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which is much larger than the estimated valueygf,= (a

1.5% for a perfect Cr lattice. Moreover, the width of the AF, | AF, I

[111] channeling profile is also much larger than theo- 001 001

retically expected. These observations point to the pres-

ence of crystal defects, such as a granular structurg¢ and

or mosaicity of the Cr layer. 010 .
From the exact position of the Cr channeling minima,

the elastic strain of the film can be determined. The 100 100

angle between th§l11] axis and thg001] axis, which h

is 54.74 in a fully relaxed cubic lattice, will increase AF, | ()

(resp. decreagewhen a tensile(resp. compressiye 001 41°

strain is applied in the direction parallel to the interface.

For a Cr film grown pseudomorphically on a MgO

substrate, elasticity theory predicts a tetragonal distortion 010k

£'=6.6% (using a Poisson ratioo=0.21 for Cp,

resulting in an increase of 1.7@f the angleAys between H 100

Cr[00]] and Ci111]. From the measurement of the

position of tbe [11Y¢, (at ~54.74) and the [322, Fig. 4. Overview of the different magnetic states of(€pins indicated
[755 and[433 axes(at ~45°), a very smallAy; ~0.09 by arrows and the corresponding magnetic reflectidiredicated by
was derived, corresponding to a small=0.16%. This thick black dots in reciprocal space. The axes are labeledhby,

shows that t,he Cr layer is nearly completély reiaxed but and!/. The location of the001) type reciprocal lattice points is indi-

~—

—_
O

~

cated by small black dot$a) Anti-ferromagnetic commensurate state

that a minor tensile strain is still present. (AF,) with spins out of planeyb) transverse spin density wave
(AF,) with spins out-of-plane;(c) transverse spin density wave
3. Neutron diffraction (AF,) with spins in-plane(d) longitudinal spin density wavéAF,)

with spins out of plane.

All neutron diffraction measurements are carried out  Fig. 4b gives a schematic presentation of a T-SDW,
at the El triple-axis spectrometer with polarization propagating in-plane and with spins out-of-plane. The
analysis of the Berlin Neutron Scattering Center thick black dots represent the reciprocal lattice positions
(BENSO using a wavelengthh of 2.422 A. The  of the satellites where scattered intensity from the T-
polarization analysis option is not used in these meas-SDW can be observed. Fig. 4c shows a T-SDW, in this
urements. The sample is mounted in a cryofurnace with case with the spins all in-plane. The thick black dots
a temperature range of 1.5-600 K. denote again the reciprocal space positions where scat-

The location of the possible magnetic reflections in tered intensity from the SDW may be expected. For
the reciprocal space is shown in Fig. 4. The simple anti- completeness, Fig. 4d provides a schematic presentation
ferromagnetic commensurate stéf&,) has the period  of a L-SDW with the propagation vector out of plane.
of a single Cr unit cell and can therefore be observed The black dots represent the reciprocal lattice positions
at the (100)-type reciprocal positions. For unpolarized of the observable satellites. It is already worth mention-
neutron diffraction the magnetic scattering amplitude is ing that a L-SDW was not observed in these
proportional to the sine of the angle between the experiments.
scattering vectoq (|g|=4wsind/\) and the direction In order to investigate the different SDW and their
of the spins[18—2(. This means that the AF structure orientations we measured around the+$§,0,00 and
shown in Fig. 4a with the spins out-of-plane can only (1,0,+38) positions(Q in-plane, as well as around the
be observed at th€1l00) and(010) reciprocal positions,  (0,0,1+8) and (+3,0,1) positions (Q out-of-plane.
and not at(001). The reciprocal lattice positions where Measurements were taken between 20 and 400 K in
the out-of-plane AF phase can be observed, are indi-steps of approximately 50 K. A major experimental
cated by a thick black dot. In the SDW-phase the problem in neutron diffraction on thin films is the rather
magnitude of the spins is sinusoidally modulated. This small amount of scattering material and, hence, low
incommensurate order gives rise to scattered intensityintensities and relatively long counting times. The align-
(of magnetic origin at satellites around th€100)-type ment of the sample was, therefore, carefully optimized
reciprocal lattice points. The distandén reciprocal using the single crystalline Mg®01) substrate reflec-
space between the satellites and tli&00)-type recip- tion which produces an intense peak. Due to the epitaxial
rocal lattice points is denoted . The value ford in relationship between MgO and Cr, the Cr reflections are
units of 2w /a, with a the Cr lattice constant, ranges easily found.
between 0.048 at low temperature up to 0.036 near the Fig. 5 shows the neutron diffraction scans on the Cr
Neel temperature for bulk Cr. film around the(1+3,0,0) reflections(i.e. along theh
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Fig. 5. Neutron diffraction scans along the axis and along the
(1+93,0,0) satellite reflections. The most prominent peak is caused
by the MgQ(220) substrate reflection. Between 200 K and 250 K a
transition occurs from a transversal spin density wéweicated by
the AF, satellite reflectionstowards the commensurate anti-ferro-
magnetic phaséindicated by AR). For clarity, the curves have been
shifted vertically.

axis) as function of temperature. The reflectioncgt=
0.975 A! is due to the incompletely filtered out
neutrons with wavelength\ /2 diffracted from the
MgO(220) planes. At 20 K the(1+800) satellite
reflection can be observed at,=1.045 Al proving
the presence of a T-SDW with in-plane propagation
direction. The other satellite(1—3,0,0), is for the
greater part covered by the M@220) peak. The polar-
ization of this in-plane T-SDW can be derived from the
measurements around tie-3,0,1) positions. We did
not find any indication for an in-plane direction of the

Fig. 6. Neutron diffraction scans parallel to thexis and along the
(1,0,4+9) satellites. At low temperatures, no satellite peaks can be
observed at th€1,0,+3) positions, indicating the absence of a L-
SDW with propagation vector out of plane. At higher temperatures a
peak can be observed at tt0,0 position, confirming the presence
of an AR, phase with spins pointing out of plane.

AF, and AF; reflections are plotted vs. temperature. The
transition from an in-plane T-SDW towards the simple
commensurate phase occurs between 200 and 250 K.
We did not observe any indication for a L-SDW over
the whole temperature range.

The tetragonal distortion measured by XRD and RBS
has also been observed by neutron diffraction. Usifig
2 neutrons we measured the out-of-plane nuclear
Cr(002) reflection. The position of the magnetic in-
plane Cf100) reflection, due to the Af- state, differs

spins and therefore we assume that the spins are polarby 0.3+0.07 from the above mentioned nuclear

ized perpendicular to the plane of the film. Due to
experimental difficulties(tilting of the cryofurnacg it
was nhot possible to confirm this by measurements
around the( +3,1,0) positions. At 200 K thé1+3,0,0)

Cr(002) reflection. Based on these results we find for
the out-of-plane QI001) lattice parameterd* =
2.882+0.001 A and for the in-plane C00) lattice
parameterd' =2.895+0.005 A, which gives aAy=

reflection decreases and a small intensity increase at theé).12+0.06" (angle between (i1l and C{001]),

(1,0,0 position can be observed. At 250 K a clear peak
shows up af1,0,0 indicating the presence of a simple
anti-ferromagnetic commensurate state while the T-SDW

disappears. We could not observe any change in intensity

at the (001) position during this transition, hence we
conclude that the spins in the AF state point out-of-

plane. This state remains present up to the highest

measured temperature of 400 K which is above the Neel
temperature of single crystalline Cr.

Fig. 6 shows the neutron diffraction results for a scan
along the(1,0,+3) satellites, i.e. parallel to theaxis.
The absence of any clear satellites indicates that there
is no L-SDW with propagation vector out of plane. At
400 K we observe a peak at th€l,0,0 position,
confirming the presence of an AF phase with the spins
pointing out of plane.

An overview of the intensity of the AF and AF
state for all measured temperatures is given in Fig. 7,
in which the normalized integrated intensities of the

12 . T T T T
o AF, peak

1.0r o AF, satelite peak T

0.8} b
5 o o °
S o8l ©
>
2 04} -
9
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— 02}
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Temperature (K)

Fig. 7. Evolution of the integrated and normalized intensity of the
Cr(100) AF, (O) and the C¢1+5,0,0) AF, (@) reflection as a func-
tion of temperature.
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which is, within the error, in agreement with the RBS could be explained by assuming a higher defect concen-

observations. tration. This would imply, however, a stronger presence
of the AR, state at low temperatures. This is not
4. Discussion observed in our experiments, where the ,AF state can

be observed to vanish rather abruptly below 200 K.

For the discussion of these results, it is instructive to  The orientation of the spins can be influenced by the
compare with the experimental and theoretical results application of strain. Bastow et a[31] showed that
that were obtained on bulk single crystalline samples, cooling through the Neel temperature while applying
as well as with the more recently published studies on compressive stress produces samples withthectors
thin Cr films. perpendicular to the stress direction. These observations

Two main differences become clear when we compareare confirmed by the theoretical calculations of the
the magnetic state of bulk single crystalline Cr with the effect of compressive stress along a crystal axis by
one observed in our epitaxial Cr thin film on MgO. The Barak et al. [32], who found that the most stable
first is the different temperature dependence of the direction forQ vectors is the one perpendicular to which
magnetic phase diagram and the observation of thethe compressive stress is applied. Furthermore, they
AF, state in the film. The second is the clear preferential derived that the polarization of the spins will be parallel
Q- and spin direction observed in the Cr film, an to the axis along which the compressive strain is applied.
anisotropy which is absent in bulk single crystal Cr. In our sample a small stress is induced by a 3%

The commensurate AF state has been observed indifference in lattice parameter between the MgO sub-
bulk Cr by neutron diffraction and has led to confusion strate and the Cr film. Adaptation of the Cr unit cell to
about theT of Cr [8,21]. Bacon et al.[22,2] related the MgO unit cell will result in an expansion of the Cr
the presence of the commensurate state in pure Cr toin-plane lattice parameter and shrinking of the out-of-
the disruption of the periodic lattice due to defects and plane Cr lattice parameter as observed from the XRD,
their strains. Loss of the periodicity seems to be essentialRBS and neutron diffraction results. Taking the experi-
since this state has not been observed in Cr singlementally obtained values faf*+ andd' and using the
crystals[24]. This is qualitatively in agreement with the values of single crystal Cr for the elastic constafitg=
calculations of Ricg25], who studied the effect of an  3.398x10'* N/m? and G,=0.586x 10 N/m?2 [33],
imperfect nesting of the Fermi and hole surfaces and one can derive that a compression pressure of the order
found a first order behavior of th&® vector for the of 10’ N/m? is needed for such a deformation. This
commensurate—incommensurate transition. The itinerantvalue is in agreement with the compressive cooling
anti-ferromagnetism in Cr is explained as originating experiment of Bastow et al. where a compression pres-
from this nesting of the Fermi surfad®,26,27. Loss sure of 7 10° N/m? was used. However, it is necessary
of the periodicity due to defects and their strains could to mention that the values for the lattice parameters are
influence the band bending near the Bragg planes andaveraged over the whole thickness of the sample. From
thus alter this surface. Based on the high backscatteringthe RBS measurements it is clear that in the first grown
yield in the RBYC experiments we conclude that layers(Fig. 3a, near 1.7-1.8 MelNa relaxation occurs
disruption of the lattice periodicity due to defects and and therefore a higher distortion could be present in this
their strains is the reason for the observation of the region.

AF, state in our epitaxial Cr film. In addition we did It is very instructive to compare the results on our Cr
not observe a continuous change in tke vector film with the results that were obtained by several other
confirming the first order nature of the AF —AF groups and which were recently reviewed by Zalddl.
transition. Several experiments have been reported on the proximity

The observed temperature dependence of the magnetieffects between a ferromagnetic layer and the anti-
phase diagranfshown in Fig. 7 is in agreement with  ferromagnetic Cr layet4,6,7,34—38 but here we will
the observations of Bacd22] and Window[28]. Apart focus on the experimental results obtained on Cr films
from the presence of the AF state, a broadening of thein contact with paramagnetic substances. It was estab-
transition temperature€l, and 7)) was found with a  lished by neutron diffraction and perturbed angular
suppression of the AF state. In our measurements thecorrelation spectroscop¢PAC) that a 250-nm Cr film
AF, state could not be observed within the resolution grown on the NBAIO; system predominantly shows a
of the experiment. longitudinal SDW with propagation vector out of plane

Williams and Street[29,30 proposed a model for [37]. At higher temperatures an AF state with the spins
calculating the magnetic phase diagram in strained Crout of plane was observed. These results are very
and found a reasonable agreement with the experimentaimportant because it was one of the few studies where
observations. Our experimental observations display aa cross-correlation was made between the neutron dif-
much stronger temperature dependence of thg AF statdraction results and those from an entirely different
than their model predicts. In principle, this discrepancy technique(PAC). Somewhat thicker Cr film$300—400
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nm) grown on the NBAIO; system also exhibited a film plane, i.e. coinciding with the plane of tensile
predominant longitudinal SDW state with the spins out strain. Between 200 and 250 K there is a transition from
of plane [38]. Bodeker et al[14] studied the influence  the incommensurate T-SDW towards a commensurate
of non-magnetic overlayers by capping 200-nm Cr films AF, state in which the spins are pointing out of plane.
with 2-nm Cu or 3-nm Pd layers. The Cu-covered films The small mismatch between the MgO substrate and the
again displayed the L-SDW witlQ out of plane. For  Cr film is believed to produce an epitaxial stress causing
the Pd-covered Cr films, contributions were observed the spins of the Cr to align along tH®01] direction
from a L-SDW with Q out of plane as well as from a and the Q vector along the tensile stress direction.
T-SDW with Q in plane. Sonntag et al. also studied Comparing these results with previously reported data
200—-300-nm-thick Cr films on MgO substrates and on the magnetic ordering in epitaxial Cr films stresses
observed a SDW with wavevectors in all possiol®1} once more that small differences in the structural para-

directions, comparable to the observations in unstrainedmeters of the films leads to significant differences in

single crystalline bulk Cr[39]. Finally, the magnetic
ordering in Cr layers embedded in a/@g superlattice
was also studied by the PAC methptD]. For Cr layers
with a thickness varying from 3 to 8 nm, a L-SDW with
Q normal to the layers was observed, from the lowest
temperatures all the way up to 500 K. The general trend

the magnetic phase diagram.
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