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Structural analysis of Fe/Cr superlattices and their
components
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Abstract. Structural analysis of metallic superlattices is essential for understanding their
interesting transport properties like the giant magnetoresistance (GMR) effect. We present a
detailed analysis of the [Fe4.8 A)/Cr (13 A)]5o superlattice which shows a record GMR
value. The analysis is done by simulating its x-ray diffraction spectrum measured with a
synchrotron x-ray source. The ingredients for this simulation are obtained from simulations
of x-ray diffraction spectra of single Fe and Cr films. This way we reduce the number of
free parameters resulting in reliable values for the interfaces roughness. We also show that
x-ray diffraction spectra of systems with low contrast in electron density can be quantitatively
analysed.

1. Introduction

Metallic superlattices often have novel properties [1,2] like the giant magnetoresistance
(GMR) observed in magnetic multilayers. This effect is believed to be caused by spin-
dependent electron scattering at the interface imperfections [3—-7]. Therefore, structural
analysis of these multilayers is necessary to understand the electron transport properties.
X-ray diffraction (XRD) [8] is one of the most powerful structure analysis techniques
for two reasons. First, it is a non-destructive technique with a high penetration depth
allowing application after completion of the sample growth. Thus XRD probes the whole
superlattice as it is also seen by the electrons in the transport measurements. Second, the
x-ray wavelength used is similar to the Fermi wavelength of usual metals, thus probing
the sample at the same length scale as the electrons do. The analysis of a multilayer
structure is done by simulation of its x-ray diffraction spectrum where a large number
of input parameters enter [9-12]. However, for the important parameters (such as the
interface roughness) reliable and ‘robust’ values have to be obtained. This requires that
other parameters, for instance the ones describing the properties of the top oxide layer, are
determined in independent experiments.

We will present a detailed structure analysis of epitaxial Fe and Cr films and an
[Fe (4.8 A)/Cr (13 A)]lso superlattice showing 220% magnetoresistance [13]. The
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guantitative agreement between measurement and simulation also proves that XRD spectra
of systems with low contrast in the electron density can be analysed quantitatively.

2. Experimental details

The superlattices were prepared in a Riber MBE deposition system1(@ ! mbar base
pressure) equipped with electron beam evaporators which were rate stabilized to within 1%
by a home made feedback control system [14] using Balzers quadrupole mass spectrometers
(QMS). Additionally, integration of the QMS signal was used to automatically control the
shutters of the individual evaporation sources. Calibration of the QMS signals was done by
comparison with the evaporation rates measured with a quartz crystal thickness controller
and measuring thicknesses of test samples by small-angle (SA) XRD and profilometry. The
samples were grown with the substrate holder rotated at 60 rpm ensuring a homogeneous
layer thickness. The Fe and Cr layers (starting material of 99.996% purity) were evaporated
in a pressure of £ 10~1% mbar at a rate of A s~ on single-crystalline MgO(001) substrates
(typically 5x 10 mn?). The surface roughness of the MgO(001) substrates was evakated
situ by atomic force microscopy (AFM). Typically the MgO surfaces have an rms roughness
of 4 A measured over Lm? areas. After rinsing in isopropyl alcohol and drying in a dry
N, flow, the substrate was annealed at 600n UHV for 15 minutes. Thoe data prgsented
here are for single Fe and Cr layers (about 20€hick) and an [Fe(4.8 A/Cr (13 A)]so
superlattice grown on a 58 Cr buffer. The substrate temperature during growth wa¥5s0
Structural information about the superlattices was obtained from SA XRD measurements
using a synchrotron radiation source (ROEMO 1 at HASYLAB) with wavelength 1/078
The XRD spectra were measured in symmefri@) geometry.

3. Results and discussion

First we will discuss the properties of single Fe and Cr layers grown on MgO(001) because
their structural parameters will enter the simulation of the XRD spectrum of the superlattice.
The growth is epitaxial as seen by reflection high-energy electron diffraction (RHEED)
in situ and off-axis XRD at high anglex situ obeying the epitaxial relationship Fe(Cr)
(00D[100] || MgO (001)[110]. This means that bcc Fe or Cr layers grow with an in-
plane 45 rotation with respect to the axes of the fcc MgO substrate leading to an in-plane
lattice misfit of only 3.5%. Since the samples are not covered by a protection layer the
surface is expected to oxidize. The composition and thickness of this oxide layer are in
principle unknown and also might change with time. However, inspection by eye shows
that such Fe and Cr films look metallic after years of storage under ambient conditions.
XRD spectra taken respectively directly after growth or months later are identical. This
indicates that the top layers of the metal oxidize rapidly after exposure to air [15] forming
an oxide of defined, constant thickness which protects the rest of the metal film from
further oxidation. In particular, Cr can be employed advantageously as a protection layer
for oxidizable structures even when the Cr film does not grow epitaxially. The properties
of the oxide and the metallic layer underneath are obtained by evaluating the XRD spectra
shown in figure 1 for a single Fe and single Cr film. The oxcillations with different periods
stem from interference of x-ray beams reflected at the different interfaces. The interference
of the beams reflected at the sample surface and at the film—substrate interface produce the
fast oscillations (called Kiessig fringes), so are related to the total film thickness, whereas the
long-wavelength modulation is caused by the thin oxide layer. The quantitative simulation
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Figure 1. Specular XRD intensity as a function of the vertical scattering vegtor The
measured spectra (data points) and simulations (thin lines) of an Fe and a Cr film are shown.
The parameters of the simulations are summarized in table 1. The Fe and Cr spectra are offset
for clarity.

of the spectra (figure 1) reveals all important parameters as summarized in table 1. Because
of the epitaxial growth with about 3.5% lattice mismatch between film and substrate one
would expect the films to be strained. Indeed, we found a slight tetragonal distortion in
form of a slight expansion of the lattice parameter in the film plane and a 0.5% contraction
in the perpendicular direction using high-angle XRD. However, for SA XRD the atomic
structure is not directly relevant and only enters via the electron density of the layers.
All spectra presented could be fitted with Fe and Cr bulk electron density indicating an
unchanged volume of the unit cell, i.e. a compensation of in-plane expansion and out-off-
plane compression.

The Fe oxide layer is thicker than that for Cr but both form stable protective layers for
the metallic film. The roughness of the underlying metal layer also shows characteristic
differences with Cr being rougher than Fe. Therefore, Cr buffer layers can be used
to introduce additional roughness into epitaxial Fe/Cr superlattices to increase the giant
magnetoresistance effect [13, 16].

The [Fe(4.8 A)/Cr (13 A)]so superlattice, discussed next, has a record GMR amplitude
of 220% [13] which makes its structure particularly interesting. High-angle XRD shows that
also Fe/Cr superlattices can be grown epitaxially on MgO(001) using MBE [13]. Thanks
to the small lattice mismatch between Fe and Cr (0.6%) and their identical crystal structure
(bcc) the layers grow coherently. In contrast to sputter deposition [17], epitaxial growth
is observed (i) for any substrate temperature between 0 and@QI5], (ii) for various
deposition rates and (iii) independent of which material (Fe or Cr) is used for the starting
layer. The SA XRD measured spectrum and its simulation (figure 2) show pronounced
peaks being the first- and second-order superlattice Bragg peaks and fast oscillatory Kiessig
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Table 1. Parameters used for

the simulations of the XRD spectra shown in figures 1 and 2.

o; are the rms roughness of the different interfaces.

Fe Cr [Fe'Crlso
Oxide composition F#04; Cr,O3 mixed oxide
Oxide thickness) 236 141 15
Fe thickness#) 2768 — 4.8
Cr thickness ,é) — 352.4 13.0
Cr buffer thickness/i) — — 43
Ooxide (B) 35 2.7 6
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Figure 2. Specular XRD intensity as a function of the vertical scattering vegtor The
measured spectrum (data points) and the simulation (thin line) of ad[BeA)/Cr (13 A)]so
superlattice are shown. The parameters of the simulations are summarized in table 1. The

dashed line indicates the node

in the Kiessig fringes which is also reproduced by the simulation.

The spectra are offset for clarity.

fringes, again related to the total thickness of the film. The typical values for layer

roughness and oxide properties (the

superlattice had no protection layer) obtained from

the analysis of the single layers had been used as input parameters for the simulation. The
agreement between measurement and simulation is quite striking. Note that also details

like the node in the Kiessig fringes at ~ 0.28 A" is well reproduced (dashed line in
figure 2). This spectrum was measured with a x-ray wavelength off any absorption edge
of either Fe or Cr. Accordingly, the material contrast between Fe and Cr is rather low
because of their similar electron density. But obviously it is possible to simulate XRD
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spectra of such low-contrast systems as Fe/Cr with high accuracy. This allows extraction of
guantitative information about the interface structure, different form qualitative discussions
of XRD spectra presented so far [6,7,18-20]. Furthermore, it should be noted that the
spectrum shows very pronounced superlattice peaks [13, 21] although for this sample the
interface roughness was intentionally increased to enhance the high GMR value. Often, XRD
spectra of Fe/Cr superlattices reported in the literature show even less structure [18, 22, 23].
Smoother interfaces can be obtained by omitting the Cr buffer and growing the sample at
elevated temperature [24, 25]. However, growth at elevated temperatures might cause some
interdiffusion at the interfaces [26]. Offsét-20 SA XRD scans also show pronounced
superlattice Bragg peaks indicating a high degree of vertical correlation of the interface
roughness, i.e. that subsequent interfaces tend to replicate the structure of the previously
grown ones.

4. Summary

We have presented a detailed, qualtitative structure analysis of a(rzt.EFé) /Cr (13 ,&)]50
superlattice grown epitaxially on MgO(001). The analysis was done by simulation of
the XRD spectrum using as input parameters the structural properties of the components
obtained from independent measurements on single Fe and Cr films. The good
guantitative agreement between measurement and simulation shows that even the structure
of superlattices with a low contrasting their electron density can be determined using x-ray
diffraction.
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