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Boundary-induced phase in epitaxial iron layers
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We report on the discovery of a boundary-induced body-centered tetragonal iron phase in thin films deposited
on MgAl,O, (001) substrates. We present evidence for this phase using detailed x-ray analysis and ab initio
density functional theory calculations. A lower magnetic moment and a rotation of the easy magnetization

direction are observed, as compared with body-centered cubic iron. Our findings expand the range of known
crystal and magnetic phases of iron, providing valuable insights for the development of heterostructure devices

using ultrathin iron layers.
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The magnetic properties of iron are multifaceted. This is
reflected in the results obtained from investigations on the
electric control of magnetic domains [1], magnetic anisotropy
[2-4], magnetic damping [5], as well as magnetic interface
effects [6-8]. Not only are single layers of Fe of relevance, but
also Fe in multilayers and superlattices such as Fe/Cr [9,10],
Fe/V [11], Fe/Au [12], Fe/MgO [13-15], or Fe/MgAl,O4
[16-20] exhibits nontrivial properties. The epitaxial matching
of the layers is of particular importance [21,22] since strain
and crystal structure can have large effects on the magnetic
properties [23-26]. For example, iron can be ferromagnetic,
low-spin or high-spin, antiferromagnetic, or even nonmag-
netic [23-25], all depending on its tetragonal distortion (c/a)
and unit cell volume. Therefore, access to unstrained ultrathin
Fe layers is of large importance to enable the separation of
boundary and strain effects.

Recently, it was found that Fe (001) layers can be epitax-
ially grown on single-crystalline MgAl,O4 (001) substrates
[5,27,28]. A 45° in-plane rotation of the Fe unit cell relative to
the unit cell of the substrate, provides growth conditions with
an epitaxial misfit of only —0.2% compared with bulk body-
centered cubic (bcc) Fe (001) [16,28-30]. Thus, the tetragonal
distortion is expected to be low, and the Fe film is structurally
similar to bee Fe. Consequently, the crystal quality of Fe (001)
layers can be significantly improved, as compared with Fe
layers grown on MgO (001) [5,28,31] or Al,O;3 (1120) [32].
This opens up new alternatives to investigate the effects of
layer thickness on, e.g., the magnetic properties of Fe, with
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only minor substrate-induced strain effects, which is explored
in this letter.

The Fe films were deposited using direct current mag-
netron sputtering, with nominal thicknesses fg. in the range
of 6-100 A, at a substrate temperature of 619(2) K. All
films were capped at ambient temperature with Pd, Pt, or
Al,O3. The purpose of the capping is to protect the Fe layer
from oxidation. Measuring identical Fe layers with different
capping layers allowed us to explore the effect of the outer
boundary on the investigated properties. Representative x-ray
diffraction patterns using Cu K, radiation around the specular
Fe (002) Bragg peak of three samples with 25, 50, and 100 A
Fe layer thicknesses are displayed in Fig. 1. As seen in the
figure, the peak intensity, position, and shape are different for
these samples. The intensity is found to increase quadratically
with increasing thickness, as expected for fully structurally
coherent layers [33,34]. Furthermore, the positions of the
Fe (002) Bragg peak are shifted toward smaller angles with
decreasing thickness of the layers. The out-of-plane atomic
distance d in Fe layers of 25, 50, and 100 A thicknesses is
elongated compared with equilibrium bcce Fe [35,36], with the
average out-of-plane lattice parameters ¢, along [001] being
2.9088(8), 2.8856(1), and 2.8738(2) A, respectively. Hence,
the average out-of-plane lattice parameter is consistent with a
tetragonal distortion, which appears to increase with decreas-
ing film thickness [16,28-30]. The full width at half maximum
(FWHM) of the Fe (002) rocking curves are all <0.04°,
independent of layer thickness, consistent with near-perfect
single crystalline growth of all these layers. An atomic registry
of the interface between Fe and the substrate was confirmed
with atomic-resolved high-angular annular dark-field scan-
ning transmission electron microscopy imaging. Furthermore,
no evidence for any oxidation or structural damage was found
near the interface (see the Supplemental Material (SM) [37]).

The observation of Laue oscillations around the Fe (002)
Bragg peak (see Fig. 1) for all three samples [28,38,39]

Published by the American Physical Society


https://orcid.org/0000-0001-9502-8599
https://orcid.org/0000-0003-1934-4818
https://orcid.org/0000-0003-3630-114X
https://orcid.org/0000-0003-0374-311X
https://orcid.org/0000-0001-9140-6724
https://orcid.org/0000-0002-0074-1349
https://orcid.org/0000-0002-6043-9248
https://orcid.org/0000-0003-1803-9467
https://orcid.org/0000-0002-3049-6831
https://orcid.org/0000-0001-5997-8597
https://orcid.org/0000-0002-6105-1659
https://ror.org/048a87296
https://ror.org/01dr6c206
https://ror.org/05ynxx418
https://ror.org/048a87296
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevMaterials.8.L081401&domain=pdf&date_stamp=2024-08-12
https://doi.org/10.1103/PhysRevMaterials.8.L081401
https://creativecommons.org/licenses/by/4.0/
https://www.kb.se/samverkan-och-utveckling/oppen-tillgang-och-bibsamkonsortiet/bibsamkonsortiet.html

ANNA L. RAVENSBURG et al.

PHYSICAL REVIEW MATERIALS 8, L081401 (2024)

100+ _1.501.: I | \ | |
Zi45] ]
101 ®

100 A
¢, = 2.8738(2) A

Intensity [cps]

T €
=
L4sl 1 'S
o =
: 3
e

i 25A
100 z 0T c, = 2.9088(8) A
10 > L

1 T (c)

36 38 40 42 44 46 48 5.0

Q, [A

FIG. 1. X-ray diffraction patterns around the Fe (002) Bragg
peak of (a) 100-A-thick, (b) 50-A-thick, and (c) 25-A-thick Fe films
grown on MgAl,O, (001). Fits are shown as red lines. The corre-
sponding out-of-plane lattice parameter ¢, is shown on the right.
Insets: Evolution of the out-of-plane atomic distance d as a function
of the number of atomic monolayers 7.

provides additional information on the structural coherency.
The asymmetry in the intensity of the Laue oscillations around
the (002) peak is consistent with the presence of a change
in out-of-plane interplanar atomic spacing in the Fe layers
[39—42]. To obtain information on the shape of the profile
of the interplanar spacing, we performed simulations of the
Bragg peak and the Laue oscillations (see the SM [37]) using
GENL [39]. The results of the fitting illustrated in Fig. 1 are
consistent with the presence of two distinct coherently scat-
tering regions in all samples: 3—4 monolayers (ML) closest
to the substrate with large tetragonal out-of-plane distortion
(d = 1.50 A), while the rest of the films have a lattice param-
eter close to unstrained Fe.

In Fig. 2(a) we illustrate a summary of the results from the
structural analysis, including asymmetric reflections, namely,
the Fe (002) and (112) Bragg peaks (see the SM [37] for
details and Refs. [45-48] therein). As seen in the figure,
the average out-of-plane lattice parameter c4 scales with the
inverse thickness of the layers. The results were fitted using

t t
C¢=C1(1—tﬁ>+€2£7 (1)

Fe

where ¢; and ¢, denote the out-of-plane lattice parameters of
the two regions, and 7, denotes the extension of the region
closest to the substrate. The intercept of the y axis corresponds
to infinitely thick Fe layers, with negligible contribution from
the interface region. From the fitting, we get ¢; = 2.862(5) A,
which is within the uncertainty identical to the unstrained
lattice parameter of bee Fe (2.866 A) [35]. The slope of the
fit in Fig. 2(a) is proportional to the thickness of the interface
layers ta and the difference in the lattice parameters of the two
regions (c; — ¢1)tp = 0.58(5) A%. The corresponding values
of (c; —cy)ta from the fitting of the diffraction data (see
Fig. 1) are 0.56, 0.79, and 0.56 A2 for the 100-, 50-, and
25-A-thick layers, respectively. The extension of the interface
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FIG. 2. (a) Experimental in-plane a4 and out-of-plane ¢, lattice
parameters for epitaxial Fe films with different layer thicknesses #p.
The Fe layers are capped with Pd. The choice of capping material
did not affect the results, see the SM [37] (and Refs. [43,44] therein)
for details. The dashed lines correspond to the equilibrium values of
bee Fe [35,36] and the MgAl, O, substrate, while the solid line shows
the fit of Eq. (1) to the data. (b) DFT calculated average out-of-plane
lattice parameter ¢, for a fixed in-plane lattice parameters a = 2.8 A
plotted over inverse Fe layer thickness #7.'.

layer needs to be <11 A, as the data point from that sample
is captured by the model in Fig. 2. Thus, the analysis of the
diffraction data and the modeling of the shift of the (002) peak
are consistent.

For the samples with 100- and 50-A-thick Fe layers, the
average in-plane lattice parameter a4 was determined to be
2.860(2) and 2.856(3) A, respectively, which closely matches
the substrate (2.859 A) [49]. Consequently, if the tetragonal
distortion of the interface region originated from an elastic
response to the biaxial strain, this would correspond to 0.91 in
Poisson’s ratio equivalent, i.e., the ratio of transverse to lon-
gitudinal extension strain, which is not physical for isotropic
materials [50,51]. Hence, the tetragonal unit cell distortion is
not strain induced, in contrast with other observed nonequilib-
rium Fe crystal structures like, e.g., body-centered tetragonal
(bct) Fe on Ir (001) [52,53] or face-centered cubic (fcc) Fe on
Ir (111) [52] or fce Fe on Cu (001) [54], which are reported to
be stabilized through epitaxy.

We used density functional theory (DFT) calculations to
explore the contribution of finite-sized effects on the obtained
results. Consequently, first, the calculations were performed
on freestanding Fe layers. The total energy for a tetragonally
distorted bct structure was found to be lower than that ob-
tained for bcc when the thickness was <9 ML (see the SM
[37] and Refs. [55-58] therein). For biaxially clamped Fe
layers with ¢/a > 1, corresponding to the same strain state
as experimentally determined for Fe on MgAl,O4 (001), the
calculated average out-of-plane lattice parameter c is plotted
as a function of inverse Fe layer thickness in Fig. 2(b). A
profound tetragonal distortion is obtained for layers in the
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FIG. 3. Easy axis magnetic hysteresis of (a) thin films of 11 A Fe
grown on MgAl,O, (001) and MgO (001), capped with 50 A Pd
and measured using a longitudinal magneto-optical Kerr effect (L-
MOKE) setup and (b) 6 and 100 A Fe grown on MgAl,O, (001)
capped with 50 A Al,O; measured in a superconducting quantum
interference device (SQUID). The measurements were conducted at
ambient temperature. Inset: Magnetization of the 6 A Fe layer at a
constant applied field of 5 mT as a function of temperature.

few-ML limit, while the obtained effect is thickness depen-
dent. The effect decreases with increasing film thickness,
giving rise to a change in slope, as seen in Fig. 2(b). Consider-
ing the size of the calculated effect and the observed changes
with thickness, we conclude that the contribution from finite
size to the experimentally found structural distortion is small,
as compared with the interface effect described above.
Having established the presence of an interface layer with
a deviating lattice parameter, we now turn our attention to
its effects on the magnetic properties. Hysteresis curves that
were measured with an applied field along the bulk Fe in-
plane magnetic easy axis direction, i.e., Fe [100] of 11 A Fe
layers deposited simultaneously on MgAl,O4 (001) and MgO
(001), are shown in Fig. 3(a). A square-shaped hysteresis
curve is observed for the Fe layer on MgO (001), typical
for an easy axis magnetization loop, in stark contrast with
the Fe layer deposited on MgAl,O4 (001). Measurements
with applied field along the bulk Fe in-plane magnetic hard
axis direction, i.e., Fe [110], confirm a hard axis behavior
for the sample on MgO and an increased remanence for the
sample on MgAl, Oy (see the SM [37] for details and Ref. [59]
therein). These observations are consistent with an exchange
of easy and hard axes when Fe is grown on MgAl,O4 (001)
and MgO (001) substrates, respectively. Measurements of the
out-of-plane component of the magnetization do not indicate

an out-of-plane contribution to the magnetization, which can,
however, not be excluded as an explanation for the moment
reduction. The main effect is attributed to the electronic ef-
fects at the boundary in combination with some contribution
from the finite size of the layers, which is in line with the sole
observation of a reduced magnetic moment for the thinnest,
i.e., 6-A-thick Fe layer.

The contribution of the interface region to the overall mag-
netic properties can also be inferred by comparing samples
with vastly different thicknesses. For instance, Fig. 3(b) dis-
plays hysteresis curves measured along the Fe [100] direction
for 6 and 100 A Fe layers deposited on MgAl,O4 (001). The
absolute magnetization of the sample with 100 A Fe layer
thickness is Mg = 1.588 x 10® A/m; puoMs = 1.99 T, which
is slightly smaller than for bulk Fe, where uoMs =2.15T
[60]. The difference is attributed to the finite layer thickness.
For the thinner 6 A Fe layer, we observe a reduction in
the saturation magnetization, accompanied also by a distinct
change in the shape of the hysteresis curve. The temperature-
dependent magnetization of the 6 A Fe layer was determined
in an applied magnetic field of 5 mT along the Fe [100]
direction. An initial increase with decreasing temperature is
observed, followed by a decrease with decreasing temperature
<150 K. These observations are consistent with an increase
in magnetic anisotropy, exceeding the torque provided by
the external field at ~150 K, in line with the conclusions
above. The tetragonal distortion at the interface is not the
only factor affecting the magnetic properties. For example, Fe
forms Fe-O bonds at the MgAl,O4 (001) interface [16,31],
which can contribute to lower magnetization, a change in the
magnetic anisotropy, as well as lower Curie temperature. For
the 6 A Fe layer, the contribution of finite-sized effects on the
ordering temperature is nonnegligible and can be determined
by empirical models, as seen in Zhang and Willis [61] and Xin
et al. [62].

In summary, we have identified a boundary-induced state
in Fe at the interface with a MgAl,O4 (001) substrate. The
interface state in Fe is argued to result from an electronic
proximity effect with the substrate. The easy axis of the ob-
served bct phase is rotated by 7 /4 as compared with bulk Fe,
which gives rise to changes in the obtained anisotropy with
thickness. These findings add to the understanding and opti-
mal design of ML-thick Fe layers in heterostructures such as
Fe/MgO or Fe/MgAl,O4, which hold a potential for magnetic
tunnel junctions and future three-dimensional memory storage
devices.
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from the authors upon reasonable request.
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