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A B S T R A C T

We investigate the growth of thin Fe layers on MgAl2O4 (001) and MgO (001) substrates using dc magnetron
sputtering. The crystal quality of Fe layers deposited on MgAl2O4 is found to be substantially higher as
compared to Fe grown on MgO substrates. The effects of the crystal quality on the magnetic and electronic
transport properties are discussed.
1. Introduction

Understanding and limiting the relaxation of strain, originating
from a lattice mismatch between substrate and film, is essential for
the obtained structural quality and stability of heteroepitaxially grown
layers [1]. Furthermore, a change in crystal quality can give rise
to changes in physical properties of the films. In this context, Fe
layers grown on MgO can serve as a model system [2–4]. Layers of
Fe (001) can be grown epitaxially on MgO (001) substrates [5,6],
hereafter referred to as MgO for simplicity, despite the difference in
lattice parameters of Fe and MgO which are 𝑎Fe = 2.866 Å [5,7] and
𝑎MgO = 4.212 Å [5], respectively. The difference in the atomic distance
is mostly accommodated for by a rotation of the Fe unit cell with
respect to MgO. The Fe <100> and MgO <110> axes become parallel,
providing a growth condition with ∼+4 % lattice mismatch [7–9] (see
Fig. 1a and b). The mismatch still implies significant tensile in-plane
strain in Fe [6,7,10,11], resulting in defect generation above the critical
thickness and thereby potentially altering the physical properties of the
layers.

Fe can be grown on MgAl2O4 (001) (𝑎MgAl2O4
= 8.086 Å [12]),

hereafter referred to as MAO for simplicity, providing better lattice
matching (−0.2%) [13–15] as compared to MgO (∼+4 %), see Fig. 1c.
The growth of thin Fe layers on MAO has been shown to result in a
better crystal quality of the Fe layers, as compared to when grown
on MgO [16]. This has been used for investigations of the effects of
crystal quality on Gilbert damping [16], THz emission as well as on
the magnetic properties of Fe in Fe/MgAl2O4/Fe (001) [15,17–20].
Crystalline Fe has a fourfold in-plane magnetocrystalline anisotropy.
The Fe easy axes are along the Fe <001> direction, while the Fe hard
axes point along the Fe <110> direction. The strain of epitaxially grown
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ferromagnets has been found to alter the magnetic anisotropy [21,22],
and electronic transport has been shown to be altered as well, for
thicknesses larger than 110 Å [16]. However, a systematic comparison
of the growth, crystal quality, and the resulting physical properties of
Fe are not available in the literature.

Here we investigate how the choice of substrate and thickness of
the Fe layers affects some of the physical properties. The thickness of
the investigated layers is in the range 12.5 to 100 Å and we address
how the crystal quality as well as the magnetic and electronic transport
properties are affected when Fe is grown on MAO and MgO substrates.

2. Experimental details

2.1. Growth

Fe thin films were simultaneously deposited on single crystalline
MAO and MgO substrates (10 × 10 mm2), using dc magnetron sput-
tering, eliminating this way all uncertainties concerning differences in
growth conditions. Prior to the growth, the substrates were annealed
for 600 s at 1273(2) K (, where the number in brackets shows the
estimated uncertainty of the last digit). The target-to-substrate distance
in the deposition chamber is approximately 0.2 m. The deposition
rates (Fe: 0.1 Å/s, Pd: 0.6 Å/s) were calibrated prior to the growth
of the samples. As seen in Table 1, the actual Fe layer thicknesses
lie reasonably close to the nominal values. Hence, for simplicity we
hereafter refer to the samples by their intended nominal thicknesses.
Fe layers with nominal thicknesses 𝑡Fe of 100 Å, 50 Å, 25 Å, and
12.5 Å were grown at a substrate temperature of 619(2) K. The growth
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Fig. 1. Schematic illustration of a) a bcc Fe unit cell (𝑎Fe = 2.866 Å [5,7]) and its
orientation relative to the substrate if Fe is grown as a thin film b) on MgO (001)
(𝑎MgO = 4.212 Å [5]) or c) on MgAl2O4 (001) ( 1

2
𝑎MgAl2O4

= 4.043 Å [12]). The Fe unit
cell is rotated by 45 degrees relative to the substrate, i.e., in its <110> direction. This
distance is 2.978 Å and 2.859 Å for MgO and MgAl2O4, respectively. Crystal structures
were taken from Vesta [23].

Table 1
Results from fitting x-ray reflectivity with GenX [24] of Fe thin films grown on MAO
(a) to d)) and MgO (e) to h)). The Fe layer thickness (𝑡Fe) was varied while the
thickness of the Pd capping layer (𝑡Pd) was kept constant. Additionally, substrate and
layer roughnesses (𝜎Sub, 𝜎Fe, and 𝜎Pd) were obtained from the fitting.

Substrate Fe Pd

𝜎Sub [Å] 𝑡Fe [Å] 𝜎Fe [Å] 𝑡Pd [Å] 𝜎Pd [Å]

● Fe on MAO

(a) 0(1) 96(1) 3(1) 48(1) 6(1)
(b) 0(1) 48(1) 1(1) 46(1) 4(1)
(c) 0(2) 25(1) 1(1) 46(1) 2(1)
(d) 0(2) 11(1) 7(2) 48(1) 1(1)

◼ Fe on MgO

(e) 1(1) 97(1) 4(1) 48(1) 7(1)
(f) 0(1) 50(1) 5(1) 46(1) 4(1)
(g) 0(2) 26(1) 2(1) 46(1) 3(1)
(h) 0(1) 13(1) 6(1) 46(1) 3(1)

temperature was selected based on the analysis of a series of 100 Å
thick Fe layers at different deposition temperatures between 606(2)
and 656(2) K. Well-defined layering in combination with the highest
crystal quality, lowest magnetic saturation field, and lowest coercive
field have been observed for Fe grown at 619(2) K independent of
substrate. In order to prevent oxidation upon exposure to air, the films
were capped with a 50 Å thick Pd layer. The deposition of the capping
layers was made at ambient temperatures. The base pressure of the
growth chamber is below 5 × 10−7 Pa. Both layers were sputtered at
a power of 50 W in an Ar atmosphere (gas purity ≥ 99.999%, and a
secondary getter based purification) from targets with a diameter of
5.08 cm (purity: 99.95%) at a deposition pressure of 0.67 and 1.07 Pa
for Fe and Pd, respectively. The targets were cleaned by sputtering with
closed shutters for 60 s prior to each deposition. The substrate holder
was rotated at 30 rpm during the deposition of the samples in order to
ensure thickness uniformity.

2.2. Characterization

X-ray reflectometry (XRR) and diffraction (XRD) measurements
were carried out using a Bede D1 equipped with a Cu X-ray source
operated at 35 mA and 50 kV, a Göbel mirror, and a 2-bounce-crystal on
the incidence side. Furthermore, a circular mask (5 mm) as well as an
incidence and a detector slit (both 0.5 mm) were used. The X-rays were
detected with a Bede EDRc X-ray detector. The measured XRR data was
fitted using GenX [24] allowing for the determination of the thickness,
roughness, and the scattering length density (SLD) profile of the layers.
However, twinning in both, MAO and MgO substrates, and hence also
2

in the epitaxially growing Fe layer, may lead to an overestimation of
the layer roughnesses especially for thin Fe layers. XRD measurements
around the substrate Bragg peaks confirmed substrate twinning for all
samples except for the ones with 100 Å Fe layer thickness on MAO and
MgO. For the XRD studies, the samples were measured with coupled
2𝜃 − 𝜃 scans and rocking curves around the Fe (002) peak. In order
to determine the full-width-at-half-maximum (FWHM) of the rocking
curve peaks, the data was fitted with a Lorentzian. The instrument
resolution of 0.012(1) degrees was taken into account in the analysis.
The critical Fe layer thicknesses of MAO/Fe and MgO/Fe films as
well as the Fe Poisson’s ratio were calculated. The calculations were
performed based on the theory and formulas presented by Droulias
and co-workers [25]. The considered elastic constants of Fe and the
substrate materials were taken from elsewhere [25–27].

Magnetization measurements were performed using a magneto-
optical-Kerr-effect setup in longitudinal geometry with 𝑠-polarized
light. The magnetic response is measured parallel to an in-plane applied
magnetic field. The samples were probed along the <100> and <110>
axes of Fe.

The temperature dependence of the resistivity in the films was deter-
mined using four-point probe measurements. The films were contacted
by pressing four gold plated spring contacts in the collinear configura-
tion on the sample surface with an equal spacing of 2.0(2) mm between
neighboring contacts. The measurements were performed using a stan-
dard dc current reversal technique, i.e., by sourcing a current 𝐼 of ±
100 μA with a Keithley 2400 sourcemeter and measuring the voltage
𝑉 using a Keithley 2182 A nanovoltmeter. This selected method not
only eliminates contact resistance but also thermally induced voltages.
All measurements were performed during warm-up of the samples with
a rate of 0.5 K/min, in order to reduce thermal gradients between
sample and temperature sensor. Based on these measurements, the
sheet resistance 𝑅□ of the Fe/Pd bilayer thin film was calculated using,

𝑅□ =
𝜌
𝑡
= 𝜋

ln (2)
⋅
𝑉
𝐼

⋅ 𝐹 (1)

with 𝐹 = 0.7744 [28]. Note, that in the following the thickness 𝑡, resis-
tivity 𝜌, and sheet resistance 𝑅□ are representing the Fe film together
with the Pd capping layer. The two main sources of measurement error
lie in the non-ideal film geometry, due to small clamp marks on the
sample corners from the sputter growth and variations in the contact
spacing when mounting a sample. The accuracy of the four-point probe
method was validated on selected samples by using a van-der-Pauw
configuration, with spring contacts brought as close as possible to the
corners of the sample.

3. Results and discussion

3.1. Crystal quality and layering

Fig. 2 illustrates results from a 2𝜃 − 𝜃 scan obtained from a 100 Å
Fe layer grown on MAO, allowing us to define contributions from all
the involved length scales. Total film thickness oscillations, Kiessig
fringes [29], are observed at small angles. The peaks at 22, 45, and
69 degrees originate from the single crystalline substrate, MAO. The
broad peak at 48 degrees is attributed to the Pd capping layer. The
Fe (002) Bragg peak is observed at 65 degrees, with Laue oscillations
visible on both sides. Laue oscillations and Kiessig fringes represent dif-
ferent length scales in these samples: The Kiessig fringes originate from
both, the Fe and the Pd layer, while the Laue oscillations stem solely
from the single crystalline Fe layer. The observed Laue oscillations are
asymmetric and their intensity distribution falls more abruptly on the
high-angle side of the Fe (002) peak. On the low-angle side, they are
visible for a range of more than 20 degrees. Laue oscillations around
the Fe (002) peak are observed if the coherency of the structure is of
the order of the total film thickness and hence, their occurrence reflects
the high crystal quality of Fe grown on MAO [30].
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Fig. 2. X-ray diffraction pattern, measured using CuK𝛼 radiation, of a Fe thin film deposited on MAO with a Fe layer thickness of 100 Å and a 50 Å Pd capping layer. The upper
cale shows the momentum transfer (𝑄 = 4𝜋 sin 𝜃∕𝜆) for convenience.
We start the discussion on the structural quality by having a closer
ook on the layering of the films. Representative XRR scans for 100 Å
e grown on MAO and MgO are shown in Fig. 3. The data was fitted
sing GenX [24]. Kiessig fringes are visible up to 13 degrees for Fe
n MAO and 9 degrees for Fe grown on MgO. The Kiessig fringes are
ore pronounced for Fe on MAO as compared to MgO, in line with

he results on the fitted width of the Fe/Pd interfaces, see Table 1. The
ncreased fitted roughness for the thinnest Fe layers on both substrates
s attributed to the relatively larger contribution of the substrate/Fe
nterface. The single crystalline substrates may be twinned [31] or have
tomic terraces with incommensurate out-of-plane height in relation to
he Fe atomic distance [5]. The SLD profiles obtained from the fitting
f the samples with 100 Å Fe layer thickness confirm the intended
ubstrate/Fe/Pd layering with well defined layer thicknesses on both
ubstrates. The profiles show a small difference in substrate and Fe/Pd
nterface roughness. It is smaller for the MAO compared to the MgO
ample which is in agreement with the more pronounced Kiessig fringes
or that sample. The thickness of the Fe layers 𝑡Fe for the samples were
etermined to be 96(1) Å and 97(1) Å for MAO and MgO, respectively.
he intended and actual thickness of the layers are therefore within
%.

Having established only minor impact of the substrate on the thick-
ess variations of the Fe layers, we now have a look on how the choice
f substrate affects the obtained crystal quality. A representative XRD
can of an Fe thin film with 100 Å Fe layer thickness grown on MAO
s shown in the upper plot in Fig. 4. The sharp peak at 69 degrees
riginates from the MAO substrate. The Fe (002) peak is clearly ob-
erved at 64.890(4) degrees corresponding to an average out-of-plane
attice parameter of 2.8738(2) Å. Reciprocal space mapping around the
e (112) off-specular peak (not shown) allows for the determination
f an in-plane lattice parameter being 2.8595(8) Å. Consequently, the
n-plane parameter is smaller than the out-of-plane lattice parameter,
iving rise to a tetragonal distortion of the cubic lattice. The measured
e in-plane lattice parameter lies close to the corresponding in-plane
tomic distance in the MAO substrate of 2.859 Å, consistent with a
ully strained growth for 100 Å Fe on MAO. The elastic response of
he 100 Å Fe grown on MAO was calculated using the measured in-
nd out-of-plane lattice parameters as well as the Fe equilibrium lattice
arameter of 2.866 Å [5,7]. The resulting Poisson’s ratio of 0.37(4) is in
ood agreement with 𝜈 = 0.368 which was calculated using the elastic
onstants of bulk Fe.

An XRD scan of a 100 Å Fe film grown on MgO is shown in the sec-
nd plot of Fig. 4. The out-of-plane lattice parameter was determined
o be 2.8500(2) Å, which is smaller than obtained from Fe on MAO
nd smaller than the Fe equilibrium lattice parameter of 2.866 Å [5,7].
3

he lattice mismatch of Fe and MgO is ∼4 % [7–9], inducing tensile in
Fig. 3. X-ray reflectivity scans of thin films (100 Å Fe) deposited on single crystalline
MAO and MgO substrates. The Fe layers were capped with Pd at room temperature. The
solid lines are fits obtained using GenX [24] (red). The scan obtained from MgO/Fe/Pd
is shifted for clarity by a factor of 50. The obtained SLD profiles of the samples are
shown as insets.

plane strain resulting in a compressive out-of-plane Poisson response.
The intensity of the Bragg peak is almost two orders of magnitude
smaller for Fe on MgO, as compared to Fe on MAO. Corresponding
difference is seen in the rocking curves of the Fe (002) peaks displayed
in the bottom plot of Fig. 4. The width of the rocking curve, obtained
from Fe grown on MAO, is one order of magnitude smaller compared to
the Fe layers grown on MgO. The FWHM, and therefore the mosaicity,
of the Fe (002) rocking curve on MAO is below 0.05 degrees for all
Fe layer thicknesses within this study. No trends in the width of the
rocking curve are observed with layer thickness. The resolution of the
measurements is 0.012(1) degrees. A mosaic spread below 0.05 degrees
is compelling evidence of the high crystal quality of Fe grown on
MAO [10], even for Fe layers of 12.5 Å in thickness. In contrast, a 100 Å
Fe layer on MgO exhibits an Fe (002) rocking curve peak with a FWHM
of 1.76 degrees, corresponding to a more than 40 times larger mosaic
spread and significantly lower crystal quality compared to the layer
on MAO. For thinner Fe layers on MgO, the mosaic spread increases
significantly (up to 60 %), becoming 2.84 degrees for 50 Å thick Fe
layers. Intensities of the peaks were below the detection limit of the
instrument when the thickness of the Fe layers were below 50 Å, if
grown on MgO. Hence, large differences in crystal quality are obtained
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Fig. 4. 2𝜃 − 𝜃 (top) and rocking curve (bottom) X-ray diffraction scans from Fe thin
films deposited on MAO and MgO. The intensity of the rocking curve scan of MgO/Fe
was multiplied by a factor of 20 for clarity.

when Fe is grown on MAO and MgO, in stark contrast to the similar
quality of the layering of Fe on the same substrates.

Besides the intensity, the most significant difference in the diffrac-
tion patterns in Fig. 4 is the presence and absence of Laue oscillations.
Laue oscillations can be observed when the coherence length of the
sample is of the order of the film thickness and the latter is smaller than
the spatial coherence length of the X-ray beam. The presence of Laue
oscillations around the (002) peak of Fe provides therefore conclusive
evidence for high degree of structural coherency as well as well defined
thickness of the Fe layers grown on MAO [32]. For 50 Å as well as 25 Å
Fe on MAO, Laue oscillations are observed as well. For the thinnest
sample in this study, 12.5 Å Fe, the intensity was too low to allow
detection of the Laue oscillations. The oscillations are asymmetric in
intensity around the Bragg peak, decaying faster on the high angle
side. This asymmetry can have multiple origins, one being a strain
profile within the layer [33,34] but also terraces in the single crystalline
substrate and the deposited film, can cause such an asymmetry.

No Laue oscillations are observed from Fe films grown on MgO for
any sample within this study, which is in line with the results obtained
by Mühge and co-workers [10]. Significant plastic strain relaxation is
caused by misfit dislocations in the films [35], affecting the coherence
length of the crystal [32]. The formation of dislocations is expected
above the critical thickness and screw dislocation formation in bcc
Fe (001) grown on MgO, for example, is experimentally confirmed
for layer thicknesses above 25 Å [1]. Consequently, profound strain
is expected in Fe on MgO. The calculated critical thickness ℎ𝑐 of Fe
n MAO is 785 Å and, thus, significantly larger than the thickest Fe
ayer investigated here. Hence, Fe is expected to grow coherently (fully
trained) on MAO since the lattice mismatch between bulk Fe and
AO is only −0.2% [15]. Consequently, the mosaicity is expected to be

ndependent of the thickness of the Fe layer, which is consistent with
ur findings. In contrast, the critical thickness of Fe grown on MgO is
alculated to be 20 Å. Therefore, relaxation in Fe grown on MgO starts
t significantly thinner Fe layers: > 20 Å, misfit dislocation formation
s expected for Fe grown on MgO. This should cause an increase in the
osaic spread with decreasing Fe layer thickness where the portion of

he film with dislocations is larger. For Fe layer thicknesses between
00 Å and 300 Å grown on MgO, the mosaic spread is reported to be
ather constant [10] due to the large degree of relaxation for the initial
00 Å.
4

Fig. 5. (a) Saturation field |𝜇0𝐻𝑠𝑎𝑡| and b) absolute value of coercivity |𝐻𝑐 | of Fe thin
films deposited on MAO (blue) and MgO (black) while varying the Fe layer thickness.
The measurements for a) were conducted with a magnetic field applied along the Fe
hard axis while for the measurements in b) a magnetic field was applied along the Fe
easy axis. The dashed straight line is a fit to the data while constraining the intersect
to the field axis, at the coercivity value of bulk iron.

3.2. Magnetic properties

The saturation field along the hard in-plane axis of Fe, grown on
MAO and MgO, is displayed in Fig. 5a. Fe deposited on MAO appears
to have smaller saturation field than Fe on MgO. Both are somewhat
higher than the literature value of bulk Fe, which is approximately
45 mT [36]. The strain state in thin films is known to influence spin–
orbit coupling and thereby the magnetic anisotropy [37–39]. Hence,
the obtained results are consistent with the observed difference in strain
state in Fe on MAO and MgO, while the influence of thickness of the
Fe layer on the saturation field appears as weak or non-conclusive.

The coercive field in the direction of easy axis, as a function of the
inverse Fe layer thickness, is shown in Fig. 5b. The observed scaling
with inverse thickness can be understood as arising from constant con-
tribution from an interface, acting as pinning center. The contribution
from the interior of the film can be inferred from the y-intercept,
being set to 0.1 mT, which is comparable to single crystal Fe [40].
The interface between Fe and Pd is expected to be irrelevant in the
context, due to the large magnetic susceptibility of Pd combined with
negligible coercivity of the induced moment [41]. Furthermore, a linear
dependence on inverse layer thickness has been observed for Fe layers
in the thickness range 130-480 Å [42], further supporting the role of
the substrate/Fe interface, where Fe is reported to bond to the oxygen
of the MAO and MgO substrates [8,17,19]. We therefore ascribe the
dominating contribution to the coercivity to the oxidation of the Fe
at the substrate while the interior of the Fe resembles that of a single
crystal, independent of the choice of substrate, being MAO or MgO.

The measured magnetization at remanence normalized to the satu-
ration magnetization |𝑀𝑟∕𝑀𝑠𝑎𝑡| was calculated. While |𝑀𝑟∕𝑀𝑠𝑎𝑡| was
measured to be approximately 1 when probing along the Fe easy axis
direction, |𝑀𝑟∕𝑀𝑠𝑎𝑡| decreased to 1∕

√

2 = 0.707 when probing along
the Fe hard axis direction. The |𝑀𝑟∕𝑀𝑠𝑎𝑡| of all measured samples scat-
ters on average below 10 % around this value independent of substrate
material, confirming a well defined magnetocrystalline anisotropy for
Fe on both substrates. Thus, |𝑀𝑟∕𝑀𝑠𝑎𝑡| for all the investigated Fe layers
are well described as arising as a response from single crystalline Fe
layers.

3.3. Electronic transport properties

Fig. 6a summarizes the determined sheet resistance of the films. It
is important to keep in mind that the measurements were conducted
on the whole stack of substrate/Fe/Pd, whereby the Fe thickness is
varied while the Pd thickness of 50 Å is kept constant for all samples.

Fe and Pd have similar room temperature resistivities [43,44]. The
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Fig. 6. (a) Temperature dependence of the sheet resistance 𝑅□ for MAO/Fe/Pd
blue) and MgO/Fe/Pd (black) bilayer films and for various Fe layer thicknesses. b)
epresentative resistivity values 𝜌 for the bilayers, for the temperatures of 10 and
95 K plotted against the inverse Fe layer thickness 1/𝑡Fe. The lines are fits produced
y the parallel resistor model described in the main text. Literature values for the
oints corresponding to 1/𝑡Fe = 0 are included from White and Woods [45]. c) Fitting
ll resistivity data for the whole measured temperature range yields resistivities of the
ulk with the same defect density as the Fe layers grown here, 𝜌0,Fe. The lines are fits
esulting from the Bloch–Grüneisen model, as described in the main text.

easurements show a typical metallic behavior of the samples with
reduction of resistance with decreasing temperature. The expected

ecrease in resistance with increasing film thickness is observed for
oth substrates. In addition to the total thickness of the stack increasing
y increasing the Fe layer thickness, the sheet resistance of the stack is
xpected to decrease due to the smaller scattering contributions from
he interfaces and surface.

In order to investigate the influence of the Fe layer crystal structure
n the observed sheet resistance values of the Fe/Pd bilayers, we
ave employed a simple parallel resistor model [46], representing the
esistances of the Fe and Pd layers. As such, the resistivity 𝜌 of the

bilayer is given by:

𝜌 = 𝑡 ⋅ 𝑅□ =
𝑡Fe + 𝑡Pd

(

1
𝑅□,Fe

+ 1
𝑅□,Pd

)

= (𝑡Fe + 𝑡Pd) ⋅
𝜌Fe𝜌Pd

𝑡Fe𝜌Pd + 𝑡Pd𝜌Fe

(2)

where 𝑅□,Fe, 𝑡Fe, 𝜌Fe and 𝑅□,Pd, 𝑡Pd, 𝜌Pd are the sheet resistances, layer
thicknesses, and resistivities for the Fe and Pd layers, respectively. In
order to include contributions to the resistivities arising from the finite
thickness of the layers, we express the Fe layer resistivities 𝜌Fe, as:

𝜌Fe = 𝜌0,Fe

(

1 +𝐾 1
𝑡Fe

)

(3)

with 𝜌0,Fe the resistivity of the bulk with the same defect density as the
Fe layer and 𝐾 = 𝐾 ′𝑙0 a constant relating to the mean free electron
path 𝑙0 [47]. To constrain the model fits with respect to bulk resistivity
values, we included corresponding experimental data from White and
Woods [45].

Fig. 6b, shows selected resistivity data for Fe/Pd layers on MgO
and MAO for two temperatures, along with the resulting fitted curves.
Analyzing the data over the entire measured temperature range and Fe
layer thicknesses, results in an estimation of the temperature depen-
dence of 𝜌0,Fe for Fe on the two substrates, shown in Fig. 6c. A clear
decrease of the values for the MAO substrates can be seen, correlating
closely to the overall improved crystal structure presented in previous
5

sections.
Finally, we test the validity of the Bloch–Grüneisen model [48] on
the extracted resistivity values for the Fe, shown in Fig. 6c, in the form
of:

𝜌0,Fe = 𝜌0 + 𝐴
(

𝑇
𝛩D

)5

∫

𝛩D
𝑇

0

𝑥5

(𝑒𝑥 − 1)(1 − 𝑒−𝑥)
𝑑𝑥, (4)

where 𝜌0 is the residual resistivity, 𝑇 temperature, 𝐴 a prefactor, and
𝛩D the Debye temperature [49]. The fits for this formula are included
n Fig. 6c and yield the values of 563 and 552 K for 𝛩D, in the case MAO
nd MgO, respectively. In the literature, the reported value for 𝛩D in
ulk iron is 477 K, as derived from elastic constants data [50]. Since 𝛩D
s proportional to the interatomic force constants in the crystal structure
f the material, the aforementioned values should be considered in
he framework of the crystal structure and layer finiteness presented
ere. Both can imply significant changes in the elastic properties of the
tudied Fe films.

. Summary and conclusions

We find that thin Fe films with thicknesses between 12.5 Å and
00 Å can be grown with a well defined layering with a high degree
f flatness. The Fe grown on MAO substrates has a significantly higher
rystal quality which was shown by the observation of Fe Laue oscil-
ations over a broad 2𝜃 range in XRD as well as an about 40 times
maller mosaicity compared to Fe grown on MgO substrates. The Laue
scillations were observed for Fe on MAO with Fe layer thicknesses
f and above 25 Å. The thickest Fe layer of 100 Å grown on MAO
xhibits a bulk-like elasticity, which was confirmed by calculations of
he Fe Poisson’s ratio from the measured in- and out-of-plane Fe lattice
arameters.

The obtained magnetic properties are only weakly reflecting the
ifferences of crystal quality of the Fe layers. The saturation field
long the Fe hard axis is lower for Fe grown on MAO compared to
gO, which is argued to arise from the tetragonal distortion of the

e layers grown on MgO. The electronic transport in the Fe/Pd films
f different thickness is dominated by finite size effects and typical
honon contributions.

The difference in crystal structure of Fe on MAO compared to MgO
esults in a difference in the electronic transport properties in the mea-
ured temperature range, with increased divergence at temperatures
elow 50 K and for Fe layer thicknesses of and below 25 Å. The
ifference in the bilayer residual resistance is not only attributed to
he crystal structures of the Fe layers, but needs to account also for
he difference in structure of the Pd capping layer on top. This is of
mportance for multilayered structures of technological interest as in
he case of THz emission, where up to now studies had mainly focused
n the Fe layer crystal quality [51].

Finally, the detailed characterization of the Fe layers presented
ere provides insights into the quality engineering of Fe/oxide su-
erlattices [11], exhibiting intriguing properties with respect to inter-
ayer coupling and switching [52–54], as well as transport properties
nd [55,56] magnetic domain control using electrical currents [57].
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