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Abstract

Wehave studied the structural and magnetic properties of an antiferromagnetically (AF) coupled
Fe/Cr superlattice by means of soft x-ray resonant magnetic scattering. Strong and purely magnetic
Bragg peaks are observed at the half-order positions in reciprocal space parallel to the [001] growth
direction and in between the structural Bragg reflections from the superlattice periodicity. The
magnetic hysteresis loops measured at the first-order and at the half-order Bragg peaks clearly
demonstrate the strong AF coupling of the Fe/Cr multilayer. Transverse scans and off-specular
reflectivity measurements confirm an AF domain structure of the superlattice in remanence with
large perpendicular correlation. In addition, the transverse scan of the half-order Bragg peak exhibits
a Lorentzian line shape at zero field, which diminishes in higher fields, indicative of a remanent
multidomain state approaching a single-domain state towards saturation.
© 2004 Elsevier Ltd. All rights reserved.

PACS: 75.25.+z; 07.85.Qe; 75.70.Cn; 61.10.Kw

Keywords: X-ray resonant magnetic scattering; Antiferromagnetically coupled superlattice

Magnetic heterostructures consisting of twoor more ferromagnetic (F) layers separated
by non-magnetic or antiferromagnetic (AF) spacer layers have received much attention
due to their importance in fundamental science and technology. It has been shown that,
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depending on the thickness of the spacerlayer, ferromagnetic layers may be coupled
parallel (ferromagnetically) or antiparallel (antiferromagnetically) via the interlayer
exchange interaction [1–3]. The antiferromagnetic alignment of magnetic layers leads to
a giant magnetoresistance effect (GMR) [4], which is used in magneto-electronic devices,
such as GMR reading heads, spin valves and tunnel junctions [5]. The performance of these
devices crucially depends on the chemical and magnetic structure, and especially on the
quality of the AF/F interface.

It is well known that x-ray magnetic scattering provides direct information on the
magnetic structure of materials [6]. Hannon et al. [7] have shown that the terms correcting
the atomic scattering factor are sensitive to the magnetization of the sample and during
the last decade a growing number of experiments have been carried out, using atom and
shell tunability of synchrotron radiation, for the investigation of magnetic properties. In
order to study x-ray resonant magnetic scattering (XRMS) of 3d transition metals, the
L absorption edges (electronic transitions from 2p levels toward unoccupied band states)
must be utilized; these are located in the soft x-ray range. Soft x-ray resonant magnetic
scattering using either circularly [8–11] or linearly [12–14] polarized x-rays has proven
to be a highly useful technique for the study of magnetic properties of buried layers or
interfaces and depth-dependent magnetic properties. In the case of magnetic multilayers,
the periodicity of the magnetization amplitude leads to a magnetic contribution at the
position of low-angle Bragg peaks for ferromagnetically ordered multilayers [9,15,16]
and at the half-order positions for antiferromagnetically ordered multilayers [9,17,18].
Moreover, a varying external magnetic field can be applied during XRMS measurements,
such that the magnetization reversal at correspondingL absorption edges can be followed,
i.e. element-selective hysteresis loops can be measured [19,20].

Up to now most XRMS studies have been carried out on Co/Cu multilayers, while data
on Fe/Cr multilayers are scarce. This is in contrast to the literature available on Fe/Cr
superlattices using polarized neutron reflectivity methods [21–24]. Partly, this is due to
the fact that the demands for structural and magnetic quality as well as for the saturation
fields required and available in XRMS experiments are better met for Co/Cu than for
Fe/Cr systems. As we have nowhigher magnetic fields available than were used before in
XRMS measurements, we wouldlike to focus our attention on the magnetic and structural
properties of a strongly AF coupled Fe/Cr superlattice. Furthermore, there is an uneasy
discrepancy in the literature concerning the half-order AF reflection, which can usually
be observed with neutron scattering but is often not seen in magnetic x-ray scans. In the
present study we show the proper magnetic hysteresis of the half-order AF peak, which
should exhibit a shape resembling the fielddependence of the GMR effect. In addition,
transverse scans across the half-order AF peak reveals the in-plane AF domain correlation
and spin disorder at the interface as a function of field.

We have grown an Fe/Cr(001) superlattice by molecular beam epitaxy using thermal
effusion cells for Fe and Cr with rates of 0.015 Å/s and 0.013 Å/s, respectively. The
superlattice was grown on a MgO(001) substrate with a 240 Å thick Cr buffer layer
deposited at 450◦C and at a rate of 0.15 Å/s. The buffer layer was then annealed for
30 min at the same temperature. A 25 Å thick Cr capping layer provided protection against
oxidation of the Fe/Cr(001) superlattice. The base pressure of the chamber was 4× 10−11

mbar before starting the deposition. The Cr layer thickness of 8 Å corresponds to the first
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maximum in the AF interlayer exchange coupling [1,2]. The number of repeats and the Fe
layer thickness between 10 Å and 15 Å were chosen to not exceed the total penetration
depth of the soft x-rays, which is about 500 Å at an energy just below the FeL3 absorption
edge, where we performed most of our experiments. Using x-ray reflectometry and Bragg
diffraction with hard x-rays (λ = 1.542 Å) the final layer sequence of the superlattice
has been determined: MgO/Cr(250 Å)/[Fe(11.4 Å)/Cr(8 Å)]× 20/Cr(25 Å). The root
mean square roughness of all interfaces is about 3 Å. The epitaxial relationship between
the superlattice and substrate was determined as MgO(001){110} ‖ Fe(001){100}, which
is the usually observed 45◦ in-plane relationship between bcc Fe and fcc MgO. SQUID
magnetometry indicated a strong AF coupling with a saturation field ofHS ≈ 30 kOe.

The XRMS experiments were carried out at the bending magnet beamline PM3 and at
the undulator beamlines UE56/1 and UE56/2 of the Berlin storage ring for synchrotron
radiation (BESSY). The beamline optics allows one to vary the energies in the range
from 20 to 1900 eV with the possibility of tuning the polarization from linear to fully
circular. Since for this energy range special vacuum conditions are required, a UHV
chamber (ALICE) containing a two-circle diffractometer [25] was used for the scattering
experiments to be described below. The sample environment of this diffractometer allows
one to apply magnetic fields in the range±2.7 kOe and to control the temperature in
the range from 30 to 400 K. The incident photons were either about 90% (PM3) or
95% (UE56) circularly polarized with positive helicity or 100% linearly polarized with
π polarization. The magnetic field was applied in the scattering plane and parallel to the
sample surface. In the case of circularly polarized light this polarization corresponds to a
longitudinal magneto-optic Kerr effect-type geometry [26]. The in-plane hard axis of the
sample magnetization was oriented parallel to the scattering plane.

We startour discussion with experiments performed with circularly polarized light. By
tuning the incident energy to just below the FeL3 edge, we observe strong magnetic Bragg
peaks at the 1/2 and 3/2 positions in units of the reciprocal lattice vector of the first-
order structural peak associated with the superlattice periodicity (Fig. 1). The fact that we
can observe three orders of Bragg reflections as well as Kiessig interference fringes up
to 85◦ clearly reflects the very high structural quality of the sample. Furthermore, from
the presence of ahalf-order peak in the off-specular reflectivity curve (open symbols)
we can infer two additional properties: first, the individual ferromagnetic layers are
decomposed into magnetic domains; and second, the ferromagnetic domains are strictly
antiferromagnetically correlated from top to bottom.

We have investigated the field dependence of the magnetic contribution to the first-order
Bragg peak, which is sensitive to the total magnetization of the sample, and the half-order
peak, which is sensitive to the antiferromagnetic coupling.Fig. 2 shows the hysteresis
loop measured at the position of the first-order Bragg peak. The data (open and closed
symbols) are a bit noisy, because the magnetic contribution to the total structure factor is
very small compared to the non-magnetic charge contribution. However, the shape of the
hysteresis loop is similar to the one measured by SQUID magnetometry as shown by a
solid line inFig. 2. In order toimprove the magnetic/charge intensity ratio it is beneficial
to determine the magnetic hysteresis at thehalf-order magnetic peak.Fig. 3 reproduces
the half-order peak intensity (specular and off-specular), measuredin the remanent state
and at the magnetic field (H = 2.7 kOe) applied in the scattering plane parallel to the
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Fig. 1. Specular (closed symbols) and longitudinal diffuse scans (0.4◦ offset) (open symbols) taken at the FeL3
edge with circularly polarized radiation for an AF coupled superlattice with 20 repeats of [Cr(8 Å)/Fe(11.4 Å)]
deposited on a Cr(240 Å)/MgO(001) buffer–substrate system.

sample surface and in two opposite directions. The intensity drop of the half-order peak
at 2θ = 24◦ is clearly seen for the specular as well as for the off-specular reflectivity
curves. Since the saturation field is higher than the maximum field available, a small AF
contribution remains in the intensityfor the reflectivity curves measured atH = ±2.7 kOe.
The magnetic hysteresis measured at the half-order AF peak is reproduced inFig. 4. This
hysteresis loop has a maximum at the fieldcorresponding to zero magnetization of the
multilayer (the coercive fieldHc) anddecreases with increasing magnetic field. Since the
value of Hc is about 50 Oe only, this effect is not clearly seen for circularly polarized
data, but it is more pronounced for linearly(π) polarized radiation (see the inset in
Fig. 4). As circularly polarized x-rays are sensitive to the in-plane sample magnetization
in the scattering plane, there is an additional magnetic contribution to the total scattering
amplitude. This explains the difference between the intensities for positive and negative
fields. The hysteresis loop measured with linearly(π) polarized x-rays exhibits the same
background level for positive and negative field, since this polarization is not sensitive to
ferromagnetic components of the magnetization (see the inset inFig. 4).

It is well known that for magneto-electronic device applications the structural and
magnetic quality of the AF/F interface plays a crucial role. The dependence of the diffuse
scattering on the applied magnetic field provides information on the domain structure in
the film plane and on the spin disorder at the interfaces [27–29]. Hase et al. have shown
that the diffuse scattering around the half-order magnetic peak in AF coupled magnetic
superlattices is of pure magnetic origin [30]. In order to avoid the additional magnetic
contribution of the background, we have carried out these measurements with linearly
polarized x-rays.Fig. 5 shows transverse scans (rocking curves) through the half-order
peak measured in the remanent state (solid curve) and in the field ofH = +2.7 kOe (dotted
curve). The rocking curves measured for positive and negative field values are exactly
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Fig. 2. The hysteresis loop measured at the position of the first-order Bragg peak with circularly polarized
radiation (open and closed symbols). The line showsthe part of the hysteresis loop measured by SQUID
magnetometry (right y-axis), whereMS is the saturation magnetization atHS = 30 kOe. The bar indicates
the magnitude of the typical error.

Fig. 3. The half-order peak intensity (specular and off-specular) in the remanent state and at the magnetic field
(H = ±2.7 kOe) applied in the scattering plane along the sample surface(circularly polarized radiation).

identical. Therefore only one of them is shown inFig. 5. All curves exhibit a Lorentzian
line shape for the sharp component (see the inset inFig. 5) and a broad diffuse shoulder.
The width of the Lorentzian component drops by a factor of two from remanence to the
maximum field value ofH = 2.7 kOe. Similarly, the intensity of the diffuse shoulder also
drops by a factor of two over the same field range. All changes of the rocking curves
are completely reversible. Such a change of the intensity can only be observed at the
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Fig. 4. The hysteresis loop measured at the position of the half-order magnetic peak(2θ = 24◦) measured with
circularly and (π ) linearly (the inset) polarized radiation.

half-order peak; further away, a field dependence can no longer be detected. Furthermore,
if we had reached saturation, the centre peakwould vanish and the broad shoulder may
reflect residual interface spin disorder. Thus, we believe that the shape and intensity of the
central peak are due to the magnetic domain structure, while the broad component results
from misalignments of the magnetic spins at the interfaces between the Fe and Cr layers.
We calculated correlation lengths and roughnesses according to the Born approximation
and have found that the structural roughnesses are equal to the one measured with the hard
x-rays (σs = 3 Å); the magnetic roughnesses in the remanent state areσm ≈ 0.65σs = 2 Å
with a decrease toσm = 1.4 Å at H = 2.7 kOe. The in-plane correlation lengths are
1300± 100 Å and 400± 50 Å for structural and magnetic roughnesses, respectively. The
in-plane correlation lengths are independent of the magnetic field application.

The Lorentzian line shape of the rocking curves has already been reported for
Fe/Cr multilayers from measurements by synchrotron Mössbauer and polarized neutron
reflectometry [24] andfor Co/Cu multilayers from measurements by neutron reflectometry
[31]. The Lorentzian shape was explained by a multidomain state of the magnetic
superlattice in the remanent state, which is superimposed on a standard Gaussian curve
corresponding to the instrumental resolution. From an analysis in terms of Lorentzian
line shape, we estimate the average size of the AF domains to be about 5µm for the
remanent state. This value is in a good agreement with the data presented in [32], where
Kerr microscopy images of AF coupled Fe/Cr/Fe trilayers revealed that the magnetic
domains have an average size on the order of a fewµm. On applying a magnetic field
H = 2.7 kOe, we haveobserved that the domains enlarge to∼10 µm. On applying a
higher magnetic field, the Fe/Cr superlattice approaches a single-domain state and there is
a concomitant decrease of the Lorentzian contribution to the line shape, until in saturation
only the Gaussian component remains.

In conclusion, we have shown that with XRMS it is possible to study in detail
the magnetic properties of antiferromagnetically coupled Fe/Cr superlattices. Using the
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Fig. 5. Transverse scans through the half-order peak measured with linearly polarizedradiation in the remanent
state (solid curve) and at the applied magnetic fieldH = +2.7 kOe (dotted curve). Inset: the sharp component
of the rocking curves. Symbols represent the experimental data (triangles:H = 0 Oe;asterisks: H = 2.7 kOe),
while curves are corresponding fits with a Lorentzian line shape.

resonance condition close to the FeL3 edge, strong and purely magnetic Bragg peaks
are observed at the half-order and three-half-order Bragg peaks inunits of the reciprocal
lattice vector of the superlattice periodicity. The half-order peaks reflect the antiparallel
orientation of the Fe magnetization vectors of the adjacent layers in remanence. The
hysteresis loop measured at this position demonstrates the AF coupling of the Fe/Cr
superlattice. Transverse scans with linearlypolarized light across the half-order peak
exhibit a sharp peak with a Lorentzian line profile superimposed on a flat shoulder of
diffuse intensity. With increasing field the width of thecentral Lorentzian peak and the
intensity of the diffuse intensity both drop by roughly a factor of two. From the Lorentzian
line shape of the central half-order peak we infer a multidomain state in remanence, which
diminishes with increasing field. At the same time the broad diffuse shoulder may reflect
spin disorder at the Fe/Cr interface, which decreases with increasing field.

Acknowledgements

We would like to thank J. Podschwadek for technical assistance during sample
preparation, T. Kachel, B. Zada and W. Mahler (BESSY) for their help with the beamline
operation. This work was supported by the German Federal Ministry of Education and
Research (BMBF) under Contract No 03ZA6BC2.

References

[1] P. Grünberg, R. Schreiber, Y. Pang, M.B. Brodsky, C.H. Sowers, Phys. Rev. Lett. 57 (1986) 2442.
[2] S.S.P. Parkin, N. More, K.P. Roche, Phys. Rev. Lett. 64 (1990) 2304.



106 A. Nefedov et al. / Superlattices and Microstructures 37 (2005) 99–106

[3] J. Unguris, R.J. Celotta, D.T. Pierce, Phys. Rev. Lett. 67 (1991) 140.
[4] M.N. Baibich, J. Broto, A. Fert, F. Nguyen Van Dau, F. Petroff, P. Etienne, G. Cruezet, A. Friederich,

J.Chazelas, Phys. Rev. Lett. 61 (1988) 2472.
[5] G.A. Prinz, Phys. Today 48 (1995) 58;

G.A. Prinz, Science 250 (1990) 1092.
[6] F. de Bergevin, M. Brunel, Phys. Lett. A 39 (1972) 141.
[7] J.P. Hannon, G.T. Trammell, M. Blume, D. Gibbs, Phys. Rev. Lett. 61 (1988) 1245.
[8] C.C. Kao, C.T. Chen, E.D. Johnson, J.B. Hastings, H.J. Lin, G.H. Ho, G. Meigs, J.-M. Brot, S.L. Hulbert,

Y.U. Idzerda, C. Vettier, Phys. Rev. B 50 (1994) 9599.
[9] J.M. Tonnerre, L. Séve, D. Raoux, G. Soullié, B. Rodmacq, P. Wolfers, Phys. Rev. Lett. 75 (1995) 740.

[10] Y.U. Idzerda, V. Chakarian, J.W. Freeland, Synchrotron Radiat. News 10 (1997) 6.
[11] M. Sacchi, A. Mirone, Phys. Rev. B 57 (1998) 8408.
[12] C.C. Kao, J.B. Hastings, E.D. Johnson, D.P. Siddons, G.C. Smith, G.A. Prinz, Phys. Rev. Lett. 65 (1990)

373.
[13] J.M. Tonnerre, L. Séve, D. Raoux, B. Rodmacq, M. De Santis, P. Troussel, J.M. Brot, V. Chakarian,

C.C. Kao, E.D. Johnson, C.T. Chen, Nucl. Instrum. Methods Phys. Res. B 97 (1995) 444.
[14] A. Déchelette, J.M. Tonnerre, M.C. Saint Lager, F. Bartolomé, L. Séve, D. Raoux, H. Fischer, M. Piecuch,

V. Chakarian, C.C. Kao, Phys. Rev. B 60 (1999) 6636.
[15] N. Ishimatsu, H. Hashizume, S. Hamada, N. Hosoito, C.S. Nelson, C.T. Venkataraman, G. Srajer, J.C. Lang,

Phys. Rev. B 60 (1999) 9596.
[16] N. Jaouen, J.M. Tonnerre, E. Bontempi, D. Raoux, L. Séve, F. Bartolomé, A. Rogalev, M. Menzenberg,

W. Felsch, H.A. Dürr, E. Dudzik, H. Maruyam, Physica B 283 (2000) 175.
[17] L. Séve, J.M. Tonnerre, D. Raoux, J.F. Bobo, M. Piecuch, M. De Santis, P. Troussel, J.M. Brot, V. Chakarian,

C.C. Kao, C.T. Chen, J. Magn. Magn. Mater. 148 (1995) 68.
[18] T.P. Hase, I. Pape, D.E. Read, B.K. Tanner, H. Dürr, E. Dudzik, G. van der Laan, C.H. Marrows, B.J. Hickey,

Phys. Rev. B 61 (2000) 15331.
[19] J.B. Kortright, J.S. Jiang, S.D.Bader, O. Hellwig, D.T.Marguiles, E.E. Fullerton, Nucl. Instrum. Methods

B 199 (2003) 301.
[20] M. Hecker, U. Muschiol, C.M. Schneider, H.-Ch. Mertins, D. Abramsohn, F. Schäfers, J. Magn. Magn.

Mater. 240 (2002) 520.
[21] A. Schreyer, J.F. Ankner, Th. Zeidler, H. Zabel, M. Schäfer, J.A. Wolf, P. Grünberg, C.F. Majkrzak, Phys.

Rev. B 52 (1995) 16066.
[22] G.P. Felcher, S.G.E. te Velthius, Appl. Surf. Sci. 182 (2001) 209.
[23] V. Lauter-Pasyuk, H.J. Lauter, B.P. Toperverg, L. Romashev, V. Ustinov, Phys. Rev. Lett. 89 (2002) 167203.
[24] D.L. Nagy, L. Bottyán, B. Croonenborghs, L. Deák, B. Degroote, J. Dekoster, H.J. Lauter, V. Lauter-Pasyuk,

O. Leupold, M. Major, J. Meersschaut, O. Nikonov, A. Petrenko, R. Rüffer, H. Spiering, E. Szilágyi, Phys.
Rev. Lett. 88 (2002) 157202.

[25] J. Grabis, A. Nefedov, H. Zabel, Rev. Sci. Instrum. 74 (2003) 4048.
[26] H.-Ch. Mertins, D. Abramsohn, A. Gaupp, F.Schäfers, W. Gudat, Phys. Rev. B 66 (2002) 184404.
[27] J.W. Freeland, K. Bussmann, P. Lubitz, Y.U. Idzerda, Appl. Phys. Lett. 73 (1998) 2206.
[28] R.M. Osgood III, S.K. Sinha, J.W. Freeland, Y.U.Idzerda, S.D. Bader, J. Magn. Magn. Mater. 198-199

(1999) 698.
[29] C.S. Nelson, G. Srajer, J.C. Lang,C.T. Venkataraman, S.K. Sinha, H. Hashizume, N. Ishimatsu, N. Hosoito,

Phys. Rev. B 60 (1999) 12234.
[30] T.P. Hase, I. Pape, B.K. Tanner, H. Dürr, E. Dudzik, G. van der Laan, C.H. Marrows, B.J. Hickey, Phys.

Rev. B 61 (2000) R3792.
[31] S. Langridge, J. Schmalian, C.H. Marrows, D.T. Dekadjevi, B.J. Hickey, Phys. Rev. Lett. 85 (2000) 4964.
[32] M. Rührig, R. Schäfer, A. Hubert, R. Mosler, J.A.Wolf, S. Demokritov, P. Grünberg, Phys. Status Solidi A

125 (1991) 635.


	X-ray resonant magnetic scattering by Fe/Cr superlattices
	Acknowledgements
	References


